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INTRODUCTION 
Justification and General Outline 
Hide (1954) stated that "Inadequate moisture supply is 
the factor which most commonly limits crop yield on 150 mil­
lion acres of cultivated land and SOO million acres of range 
land in 17 western states." Similar statements can, without 
doubt, be applied to crop production in most arid regions of 
the world. With the above in mind and with the realization 
that up to about 50 percent of the water lost by évapotrans­
piration during a normal growing season is lost by evapo­
ration alone (Peters, I960), one can understand the need for 
increasing present knowledge about factors affecting the 
loss of soil water by evaporation and the effect evaporation 
has on the distribution of water in the soil. 
The study of evaporation and soil moisture distribution 
is a problem in unsaturated flow of soil moisture. It is a 
problem that can be divided into two categories. The first 
category deals with evaporation from the soil in the presence 
of a water table ; the second category deals with evaporation 
from a soil with no water table. 
Of the two categories listed above, the second seems to 
be the one most neglected in the work reported in the litera­
ture; yet, it is the category that deals with the problem 
found in most arid regions. 
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With the above in mind, a laboratory experimentwas set 
up to study the effect of various soil surface conditions 
and of air movement and of radiation on the evaporation from 
laboratory and field soil cores 15 inches long. The cores 
were moist, but not connected with a water table. The effect 
that evaporation of the soil water would have on the dis­
tribution of moisture in the soil profile was included in 
the study. Inherent in such a study is the need for infor­
mation on the capillary conductivity and diffusivity char­
acteristics of a soil. Such information is needed in 
explaining and understanding the results obtained and in 
comparing the results with theoretical predictions. 
In order to conduct a laboratory study on evaporation 
one should have a quick and easy way of measuring the soil 
moisture distribution with time without destroying the soil 
columns used. No good method is currently available. Thus, 
some tests of a modified four-electrode probe to be used as 
a means of measuring the soil moisture distribution with 
time were included as part of the study reported here. 
Objectives of Research 
The study reported in the following pages was conducted 
with six major objectives in mind: 
1. To determine the comparative effectiveness of dust, 
gravel and corn-cob mulches in their action as an 
evaporation barrier; 
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2. To determine any change in the degree of effective­
ness of the mulches with changes in levels of air 
movement and radiation; 
3. To determine the rate and magnitude of evaporation 
under different conditions of radiation and air 
movement and to determine what interaction exists, 
if any, between radiation and air movement in their 
effect on evaporation; 
if. To study the variation in soil moisture distribution 
with depth under evaporative conditions; 
5. To measure the capillary conductivity and moisture 
diffusivity of Ida silt loam and interpret the 
measured evaporative rates in terms of the capil­
lary conductivity and moisture diffusivity values 
found for this soil; 
6e To test the four-electrode probe as a laboratory 
method of following the soil moisture distribution 
in a soil core with time. 
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REVIEW OF LITERATURE 
General 
In the past 50 years many papers have been published 
dealing with phases of the broad problem of unsaturated soil 
moisture movement. The years have witnessed a gradual shift 
in emphasis in the works from a qualitative, field problem 
approach to a more quantitative, theoretical approach in the 
laboratory. Because of the large number of publications and 
the shift in the approach utilized, the author has endeavored 
to keep this review limited to those publications that 
appeared to be the most pertinent and up to date. 
It should also be noted that this review is divided into 
three parts. The first part deals with unsaturated soil 
moisture movement from the point of view of soil water loss 
by evaporation. The second part deals with the general 
theory of unsaturated soil moisture flow. The third part 
deals, in particular, with two methods of measuring soil 
moisture that appear to be utilisable in the laboratory. 
Some Works on Unsaturated Soil Moisture Movement 
The evaporation of soil water is a many-phased problem 
affected by so many inter-related factors that even today no 
completely clear picture of the problem is present. There 
is evidence in the literature, however, indicating that steps 
have been made in gaining a general knowledge of what occurs 
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during the evaporation of soil water. 
One of the first, and perhaps one of the best, studies 
on the evaporation of soil water was made by Buckingham (1907). 
He conducted several experiments designed to study the 
amount of soil wat'jr lost by internal evaporation and how 
the amount of water lost varied with depth and type of soil 
and with the moisture content of the soil. He accomplished 
this by a system that provided an air gap between a sub­
surface free water and a column of dry soil above it. His 
results indicated that the rate and amount of loss by direct 
movement through the dry soil which he called "internal 
evaporation" varied inversely with the depth of the soil 
column and directly with the porosity of the soil. The 
length of his soil columns varied from about 5 cm. to about 
30 cm. Compact soil was found to be the most effective in 
preventing internal evaporation. In one long-term experi­
ment with Cecil clay, he found that initially the internal 
moisture was not lost to the atmosphere, but was absorbed by 
the clay column until a state of equilibrium was reached, 
with water moving at a steady rate upward into the atmos­
phere. From that point on the internal moisture lost equaled 
the moisture lost to the atmosphere. 
Further experiments by Buckingham indicated that the 
rapid initial loss of moisture after a rain in arid climates 
created a dry surface crust that acted as a capillary break. 
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Once the crust was established, further soil water loss 
occurred only by the slow means of vapor transfer through 
the crust. The net result of this was less soil water loss 
by evaporation under arid conditions than under humid con­
ditions where a surface crust seldom, if ever, formed. 
Recently Hanks (1958) conducted experiments similar to 
Buckingham's using shorter columns (0.6 cm. to 5.1 cm. in 
length) to determine the influence of porosity and depth of 
dry layers of surface soil on the rate of water vapor flow. 
He found, as did Buckingham, a direct relationship between 
porosity and water vapor flow rates and an inverse relation­
ship between depth of dry soil and water vapor flow rates. 
In another paper Hanks and Woodruff (195Ô) again used 
a procedure similar to that of Buckingham, using in addition, 
a wind tunnel to study the effect of wind on water vapor 
transfer through soil, gravel, and straw mulches. They 
determined that, in general, the rate of vapor movement 
increased with the wind speed; the least rate of increase 
occurred for the soil mulch and the greatest for the straw 
and gravel mulches. In addition, the evaporation rate de­
creased with depth of mulch with the greatest decrease 
occurring in the 0 - 1/4 inch layer of mulch. 
Hide (1954) published a fairly extensive review of the 
literature covering the factors that influence the evaporation 
of soil moisture. His study indicated that the evaporation 
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process can be divided into three stages, which are: 
1. The brief period while the soil moisture content is 
above field capacity and capillary flow to the sur­
face occurs under a low tension gradient ; 
2. The period after the surface has dried to field 
capacity but before capillary conductivity becomes 
so slow that it no longer keeps the surface moist; 
3. The period when vaporization occurs principally 
below the surface and vapor must diffuse through 
a static layer of air within the pore space of dry 
soil. 
It is probable that the greatest reduction of the rate of 
evaporation occurs during the transition from the second to 
the third stage. 
Hide presents three possible ways of decreasing water 
loss by evaporation. They are (1) decreasing the amount of 
water that can be transported to the soil surface before 
surface drying occurs; (2) decreasing the temperature of the 
upper fringe of moist soil layers ; and (3) increasing the 
thickness of the static layer of air and thus the resistance 
to vapor diffusion. 
Lemon (1956) reported on the work of Kolasew (1941) and 
on his own work dealing with methods of decreasing soil 
moisture loss by evaporation. Kolasew also divided the 
evaporation process into three phases. His phase division 
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seems to differ somewhat from that presented by Hide (1954) 
in that he treats Hiders first two stages as one phase and 
breaks the last stage into two phases. Kolasew's phase 
breakdown agrees quite closely with one proposed by Philip 
(1957). 
Briefly, Kolasew (1941) and Philip (1957) divide the 
evaporation process into the following three phases for con­
stant atmospheric conditions: 
1. Stage one appears as an initial level portion in 
graphs of the rate of evaporation against the per­
cent of soil moisture. During this stage the rate 
of loss is dependent upon the water transmission 
characteristics of the soil. This stage ends with 
the development of a dry diffusional barrier at 
the surface and appears as a distinct break in the 
rate versus percent moisture curve. Penman (1941) 
called the position of this break the "Critical 
Point". 
2. A period of rapid decline in the rate of loss with 
decreases in the percentage of soil moisture. 
During this period, the soil moisture transmis-
sibility decreases and cannot meet the evaporative 
demands of the atmosphere. 
3. The third stage appears as the final portion of the 
curve and is characterized by an extremely slow 
rate of loss. During this stage the slow moisture 
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movement is governed by absorptive forces over 
molecular distances at the solid-liquid inter­
faces of the soil. 
While not stated by Kolasew, it seemed apparent to 
Lemon (1956) that the moisture content at which the critical 
point of the first stage was reached would depend on the 
magnitude of the initial rate of evaporation. This idea 
was verified by Penman (1941) to some extent when he demon­
strated that the critical point was reached at lower moisture 
contents when there were conditions of lower evaporative 
demand. 
Kolasew (1941) and again Lemon (1956) investigated 
several ways of decreasing evaporation losses. The methods 
investigated can be broken into three general categories: 
(1) Management practices designed to decrease the turbulent 
transfer of water vapor above the ground; (2) Decreasing 
capillary continuity in the surface soil layers and (3) The 
use of surfactants to decrease the capillary flow and moisture 
holding capacity of the surface soil. The results of these 
investigations indicated that the first approach may increase 
the temperature over and in the soil to such a degree that 
little or no reduction in evaporation could be observed. In 
fact, it was observed that evaporation was increased in 
several instances. Both the second and third methods gave 
more promising results, which will not be discussed here as 
item 1 is the pertinent item here. 
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The effect on soil and air temperature and heat rela­
tions, under management practices designed to decrease 
turbulent transfer of water vapor above the ground, may ex­
plain why the various tillage and mulch practices employed 
in the United States have been generally inefficient, Zook 
and Weakley (1944), Krall jglj ni» (1958) , Duley and Russel 
(1948), Borst and Mederski (1957), and Zingg and Whitfield 
(1957) have all reported work concerned with the effective­
ness of various mulch and tillage practices in conserving 
soil moisture. The results of their works are quite varied 
as to effectiveness of the practices employed ranging from 
negative to positive values. The effectiveness of the 
practices employed seemed to depend on the climatic con­
ditions prevailing during any particular test period. 
The work of Veihmeyer and Hendrickson (1955) indicated 
that the rate of evaporation from soil is constant down to 
the permanent wilting point. They suspended small, loosely 
packed, moist soil samples from the arm of an automatic 
beam balance over solutions of sulfuric acid of different 
concentrations. The acid supplied atmospheres of various 
relative humidities and thus insured different rates of 
evaporation from the soil. The equipment was arranged such 
that as moisture was lost the scale arm tilted and a beam 
of light was reflected on photosensitive paper fastened to 
a rotating drum. This method supplied a continuous picture 
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of the rate of moisture evaporation from the soil. Their 
results indicated that evaporation proceeded at a sensibly 
constant rate, for a certain maintained relative humidity 
until the soil moisture level decreased to almost the PWP. 
General Theory of Unsaturated Soil Moisture 
as Exemplified by the Work of Gardner (1959) 
In the last ten to twelve years there have been many 
attempts to solve the differential equation for unsaturated 
flow of soil moisture. Most attempts, such as those by 
Klute (1952), Kirkham and Feng (1949), Philip (1957) and 
Youngs (1957), have been primarily concerned with the move­
ment of water into dry soil. A few publications, such as 
those published by Gardner and Mayhugh (1958) and Willis 
(I960), have been concerned with the evaporation of water 
from a soil in the presence of a water table. Very few at­
tempts have been made to solve the differential equation 
for evaporation from soil without a water table. While the 
last problem is similar to those above, it has been proven 
to be somewhat more difficult to solve because of the dif­
ficulty one has in determining the exact initial and boundry 
conditions for a particular problem. 
The general unsaturated flow equation as now used is 
expressed in one dimension as: 
ae/at » (a/az) [p(6)ae/az] - ak/az (1) 
where 6 is the volume moisture content, z is the distance, 
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t is time and D(0) is diffusivity with units of length 
squared (area) over time and k is the capillary conductivity 
expressed in units of length over time. The equation is 
derived by combining Darcy's law with the equation of con­
tinuity. Inherent in the derivation are the assumptions 
that Darcy's law holds for unsaturated flow and, that 
capillary conductivity, and capillary potential are unique 
single-valued functions of the moisture content. These 
assumptions automatically imply that the diffusivity is also 
assumed to be a function of the moisture content. Until 
recently little attempt has been made to solve equation 1 
for the drying of soils, particularly under the assumption 
of no water table. Gardner (1959) solved equation 1 ap­
proximately when he developed a solution for the unsaturated 
flow equation for the drying of soil by evaporation in the 
absence of a water table. His solution was based on the 
method of Crank (1956). In his work, Gardner neglected the 
effect of gravity and solved the differential equation for 
the initial and boundary conditions: 
0 • 0i, x > 0, t = 0 
( 2 )  
0 = 0O, x=0, t>0 
where 0i is the initial water content on a bulk volume basis 
and 0O is the water content at the boundary after time zero. 
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The solution Gardner developed (see Appendix A) pre­
dicted a constantly decreasing rate of evaporation from 
time zero, with the magnitude of the initial rate of loss 
being determined by the amount of water initially present 
in the soil. His experimental results seemed to substantiate 
the predicted decreasing rate of evaporation, but his results 
did not agree with those of Kolasew (1941). Here it is 
recalled that Kolasew showed that an initial constant rate 
of evaporation from the soil should be obtained until the 
soil reaches some critical moisture value, with the level 
of this critical value probably being determined by the 
intensity of the initial drying conditions. The work of 
Veihmeyer and Hendrickson (1955) did not agree with Gardner's 
but they were working with small, loose samples as compared 
to Gardner's long (10-100 cm.) soil columns. Nevertheless, 
insofar as one may compare the work of Kolasew, and Viehmeyer 
and Hendrickson with that of Gardner, one should expect that 
Gardner's work would predict a definite linear portion in 
the initial portion of a cumulative evaporation curve. 
Gardner did not find this linear portion in the curve of 
cumulative evaporation versus time (see his figures 7 and 8). 
One more point is important in Gardner's paper and that 
is that the solution derived by Gardner predicts a relative 
moisture distribution with depth that constantly increases 
with depth, in finite columns (see Gardner's figure 4). 
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In addition to Gardner's work (1959), Philip (I960) 
has published a general method for obtaining exact solutions 
of the concentration-dependent diffusion equation. His 
method seems to have considerable promise for extending the 
scope of solutions of the unsaturated flow equation for 
evaporation of water from soil. 
Hallaire and Henin (195&) have hypothesized that the 
immediate transmission throughout a soil column of water 
movement, started by evaporation, can be accounted for only 
on the basis of the cohesion of water. They maintain that 
there must exist an effective potential different from that 
obtained by laboratory measurements in the absence of water 
movement, and that the effective potential can be defined 
on the basis of the frequency and quality of the contacts 
that exist between water films. Their concept would tend to 
invalidate the assumption that diffusivity is dependent on 
moisture content alone. 
Possible Laboratory Methods of Measuring Soil Moisture 
Taylor (1950) completed a Ph.D. thesis on the use of a 
four-electrode probe for measuring soil moisture. His thesis 
includes an extensive review of the literature up to that 
time. The reader is referred to Taylor's thesis if he is 
interested in the work up to that date. 
The method used by Taylor (1950) for measuring soil 
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moisture and published by Kirkham and Taylor (1950) is 
basically a modification of a technique first presented 
by Wenner (1916). The method basically consists of measuring 
the apparent resistance between the inner two electrodes of 
a four-electrode probe. This is done by passing a current 
(I) between the two outer electrodes and measuring the poten­
tial drop (Vi) between the two inner electrodes. The so-
called apparent resistance (Ra) can then be calculated by 
the equation: 
Ra = Vi/I (3) 
Taylor found that it was not convenient to measure I 
directly. Instead he placed a known resistance (Rk) in series 
with the outer electrodes and measured the potential drop 
across this resistance. Thus equation 3 becomes: 
R a
"  
U )  
Once the apparent resistance of the soil between the 
-inner electrodes is determined, it can be used to calculate 
the soil electrical conductivity by the equation: 
(T = —S— = —-— JLo. (5) 
4rraRa 4naR^ Vi 
where 
n = 1 + 2 
jttwt frm (6) 
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and 
a = distance between electrodes 
b = the electrode depth in the soil 
Taylor found that the four-electrode method gave quick 
determinations of moisture for moisture ranges from satura­
tion to the wilting point. The greatest accuracy of 
measurement was obtained at the soil moisture equivalent ; 
however, the accuracy was never as good as that obtained by 
gravimetric means. 
The four-electrode method, in principle, has one dis­
tinct advantage. It nearly eliminates the inherent problem 
of poor contact between the soil and electrodes, found in 
other electrical methods. 
Weaver and Jamison (1951) studied the limitations of 
nylon and fiberglass electrical resistance units in measur­
ing soil moisture. They found that these units offered 
some promise in overcoming the insensitivity, as in plaster 
of paris blocks, to electrical resistance changes at high 
moisture levels. It was also apparent that the units would 
yield approximately reproducable resistance determinations 
at recurring tension values under constant soil conditions. 
The units did not, however, give reproducable results under 
conditions of varying salt concentrations. Finally, they 
found that the soil moisture tension-resistance relationships 
on any drying cycle in an irrigated sandy loam were not 
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reproducable. 
Because each soil is somewhat different in its electri­
cal properties, it is necessary that electrical resistance 
units be calibrated for each soil. Variations in the cali­
bration process used often lead to differences in the cali­
brations obtained. For the above reason, Remson and Fox 
(1955) studied the calibration displacements obtained for 
various methods of calibration. They found that laboratory 
calibrations, in general, showed a lower resistance value 
than did field calibrations at the same tension. They felt 
that the decreased resistance was due to the decreased 
capillary conductivity of the drying surface of laboratory 
calibration cores. Such a drying surface occurs in the 
laboratory calibration during rapid drying by evaporation. 
Thus, equilibration of the calibration unit can occur only 
by vapor movement and is extremely slow, resulting in higher 
moisture contents around the resistance units than at the 
outside of the soil core. The higher moisture content 
around the resistance units causes the laboratory calibration 
to give a lower resistance than does the field calibration 
at the same moisture tension. They found that the use of 
smaller soil volumes in the laboratory could partially over­
come the above problem. Such a procedure did not overcome 
the displacement in the calibration curves that resulted 
from changes in the soil structure in small soil samples 
(Hendrix and Colman, 1951)• 
id 
One of the most recent studies of electrical resistance 
as a means of measuring soil moisture was conducted by 
Perrier and March (1958). They studied the effect variations . 
in gypsum type and consistency, and electrode arrangement 
have on the behavior of electrical resistance units. They 
concluded that gypsum type and consistency were as important 
as the electrode arrangement in obtaining a suitable 
resistance block. They found that by the proper choice of 
gypsum type and consistency, along with the proper electrode 
arrangement, the stray currents that pass outside of a 
resistance block could be partly controlled. They said that 
complete control of these outside currents would allow one 
to use a single calibration curve for all soils. 
Held and Drunen (1949) measured the thermal conduc­
tivity of a liquid by observing the temperature rise in an 
electrical heating element surrounded by the liquid. They 
showed that the temperature rise 0 after a given time t for 
steady heat input q applied per unit length of heat source 
could be calculated by the equation: 
0 = [d + ln(t+t0l] (7) 
where A equals the thermal conductivity, d is a constant 
dependent on the distance away from the center at which the 
temperature is measured and on the thermal diffusivity of 
the surrounding material and tQ is a correction applied to 
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account for deviations of the dimensions of the element from 
an infinite line source, 
The thermal conductivity of soil has been developed 
quite extensively by Vries (1952) and (1953) and Duin and 
Vries (1954) as a means of measuring the moisture content of 
soil. In 1952 Vries (1952) reported the construction of a 
unit to measure the thermal conductivity of a soil and its 
use in measuring the daily trends in water content and seepage 
of rain into a soil. The equipment operated on the principle 
that the rise in temperature at a given distance from a heat 
source for a particular time would vary with the thermal 
conductivity of the soil. 
The equipment of Vries was designed as a needle-type 
probe that contained a heating wire and a thermocouple wire. 
It allowed him to supply a given amount of heat to the probe 
and measure the resulting rise in temperature of the soil 
at a given distance from the heat source at a given time. 
With this information plus a value for the thermal dif­
fusivity of the soil, it was possible to calculate the ther­
mal conductivity of the soil. The thermal conductivity 
could then be calibrated against soil moisture. 
Vries (1953) ran some field studies testing the use of 
thermal conductivity as a means of determining soil moisture 
content. He found that accurate determination of the 
moisture content was possible only if the moisture range 
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between field capacity and the PWP coincide with the steep 
section of the calibration curve. It was found that the 
above condition was best met by sandy soils. 
Duin and Vries (1954) reported some further studies with 
the above equipment after it had been modified to include 
a recording apparatus. The modification enabled them to make 
repeated moisture determinations by measuring the thermal 
conductivity of the soil at about 10 minute intervals. The 
moisture content determined in this way was found to agree 
quite well with gravimetric samples. Again, as reported by 
Vries (1953), the best results were obtained with sandy soils. 
With the above equipment, it was possible for Duin and 
Vries to collect moisture data from which évapotranspiration 
could be calculated. Such calculations were found to be 
accurate only if long periods of time were considered. 
Youngs (1956) combined some of the work of Held and 
Drunen (1949) and Vries (1952). He placed a heating wire 
through a long soil column and attached thermocouples to it 
at about 5 cm. intervals. He then passed a known current I 
through the wire and measured the total change in temperature 
of the wire by the deflection 8f of a galvanometer. He found 
(with 9 and q defined as before) the expression 
JLL = const â (8) 
12 q 
6 ' 
so that could be taken as a measure of the moisture con­
tent of the soil. 
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Bollmeyer (1958) did some work on heat conductivity as 
a means of measuring soil moisture. He embedded thermo­
elements in a mixture of sand, cement and asbestos in a 
manner similar to that used in gypsum resistance blocks. 
The effective moisture range over which his units would work 
was from the PWP to field capacity. The units were found to 
be unaffected by salt concentrations in the soil solution 
after calibration. 
Basically, only the recent work on two general methods 
of measuring soil moisture has been reviewed. These 
methods were chosen for discussion primarily because they 
came the closest to meeting the author's requirement of a 
quick method readily adaptable to laboratory determinations 
of measuring soil moisture over a relatively wide range of 
moisture. There are many other methods (such as vapor 
pressure determinations, nuclear magnetic resonance, gamma 
density determinations, etc.) but it was felt that they 
were too time consuming, expensive or cumbersome for ap­
plication to the present study, and hence were not reported 
in this review. 
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EXPERIMENTAL EQUIPMENT AND PROCEDURE 
Equipment 
There were several phases to this study and as a result 
many pieces of equipment were utilized. An evaporation 
chamber was a principal item. Each piece of equipment and 
its purpose is briefly described here. The major items and 
those items that were constructed by the author are shown 
here either pictorially or graphically. 
Evaporation chamber 
Figure 1, top and bottom, gives a general picture of 
the internal and external appearance of the evaporation 
chamber and the arrangement of the soil cores used in the 
study. The chamber was divided by a center partition into 
two sections, each section containing eight cores mounted 
about the perimeter of a circular, rotating, display table 
(see below). The top of each section of the chamber was 
opeii to allow for the movement of air over the surface of 
the cores. The inside dimensions of each section were 
25 x 24.5 x 36 inches. A shelf was placed across the top 
of each chamber 12 inches above the surface of the cores. 
A large hole was made in the shelf directly over the cores 
in the left-hand section of the chamber. A bank of three 
150-watt bulbs was located in the hole as a source of 
radiation. On either side of the evaporation chamber (see 
Figure 1. Photograph of basic evaporation chamber and 
the arrangement of the soil cores used. 
(Top) An inside view showing the arrangement 
of the soil cores on the rotating display 
table j 
(Bottom) An outside view showing the water 
source and the hygro-thermograph used. 
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Figure 1, Bottom) was located a large glass container that 
served as a water source. A hygro-thermograph for measuring 
temperature and relative humidity can be observed at the 
left end of the chamber in Figure 1, Bottom. 
Cylinders used 
Figure 2 shows a schematic diagram of the soil cylinders 
used in the study. The basic cylinders, exclusive of a top 
section, were 15 inches high and three inches in inside dia­
meter. A two-inch section of plastic was jointed and placed 
on the top three-fourths of the cylinders as mulch containers. 
A water inlet is indicated at the bottom of the cylinder. 
The inlet hole made it possible to wet each soil column from 
below. Four-electrode probes were installed in the side of 
the cylinders at two-inch intervals starting from the bottom 
and going up. The probes were fastened to the cylinders With 
a fifty-fifty mixture, by weight, of rosin and paraffin. 
Cylinders of two different wall thicknesses were used — half 
had one-fourth inch walls and half had one-eighth inch walls. 
Rotating display table 
Figure 3 is a photograph of one of the rotating display 
tables on which the soil cylinders were placed and rotated 
during evaporation experiments. These tables were obtained 
from W. W. Grainger and Co., Inc., 66 Washington Street, 
Des Moines, Iowa. The top of the table is 1# inches in 
Figure 2. A schematic diagram of the cores used in the 
evaporation studies. 
The diagram indicates the location of the 
mulch and the arrangement of the four-electrode 
probes used in the study. The cylinder con­
tains soil packed in the laboratory and has a 
wall thickness of 0.25 inches. Similar 
cylinders of 0.125 inch wall thickness were 
used for collecting and holding field cores. 
All cylinders were made of plastic. 
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Figure 3. A rotating display table used in the evapo­
ration studies. Diameter of the table is 
1# inches and speed of rotation is 3 révolu 
tions per minute. 
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diameter. The table rotates at about three revolutions per 
minute. The rated capacity of the display table is 150 
pounds. Rotating display tables were used to eliminate 
location effects. 
Note the evenly spaced holes in the top of the table. 
The water inlet tubes in the bottom of the cylinder shown in 
Figure 2 were placed through these holes. Placing the tubes 
through these holes helped stabilize the cylinders and 
insured their repeated even distribution. 
Pressure outflow apparatus 
Figure 4 is a schematic diagram of the equipment used 
in obtaining pressure outflow data for determining values 
of capillary conductivity and diffusivity. Basically the 
apparatus consists of a pressure chamber in which soil can 
be placed on a ceramic plate (shown but not labeled) beneath 
the "gasket" in the figure. Pressure is introduced through 
a hole in the top of the chamber. Two vertical tubes con­
nected to the base of the ceramic plate act as an escape 
route for water forced from the soil by the applied pressure. 
The two tubes, at their ends on the ceramic plate, have 
channels grooved between them in the ceramic material so that 
water forced through the ceramic plate could pass out either 
tube with equal ease. Tygon tubing with clamp arrangements 
is connected to the two vertical tubes and is filled with 
water. Through this tubing, by adjusting the clamps, water 
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originating from the soil sample may be forced into a 1 cc. 
pipette and on into a $0 cc. burette. At the bottom of the 
diagram is pictured a two-wheeled device. The device was 
designed (Kunze, 1961) such that the rubber hose leading from 
the bottom of the burette to the bottom of the pressure 
chamber could be tightly clamped between the wheels shown 
by pushing the axle of the top wheel down in its slotted hole 
(shown) and fastening the axle with a wing nut (not shown) 
on the axle shaft. Water could then be circulated, whether 
or not there was pressure on the soil core, through the 
bottom of the system by causing the lower wheel to rotate 
by means of a vertical crank (not labelled). Outflow data 
for pressures up to one atmosphere were obtained by fol­
lowing an air bubble (see the figure) or following the water 
level kept in the 50 cc. burette. Regular pressure membrane 
equipment (Richards, 1947) was used to get outflow data at 
higher pressures. 
Four-electrode probe and plug 
Figure $ is a diagram of a four-electrode probe and a 
plug designed and used in determining the apparent electrical 
resistance of the soil. The probes are phosphor-bronze rods 
1.75 inches long and 3/32 inches in diameter. The four 
probes are cemented in a plastic base made from 1/4 inch 
stock. The base has an inner radius of curvature constructed 
to match the outside curvature of the cylinder to which it 
Figure 4. A schematic diagram of the equipment used in 
collecting pressure outflow data. 
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Figure 5. Four-electrode probe and accompanying plug 
used to determine apparent electrical resistance 
of soil. Probes are made from phosphor-bronze 
rods 3/32 inches in diameter. Base of probe 
is of 1/4 inch plastic. "Top view" of probe 
receptacles is a view as seen through a 
horizontal midsection plane. 
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was attached. The plug shown at the bottom of the diagram 
has four female receptacles to fit over the four electrodes 
of the probes. The plug made it possible to make quick 
electrical contact with the probes and, thus, quick deter­
minations of the apparent electrical conductivity of the soil. 
The wires from the plug lead to a resistance meter designed 
by Taylor (1950). A picture of his meter and the wiring 
diagram for the meter can be found in his work. 
Calibration unit 
Figure 6 is a diagram of the unit used in determining 
a calibration curve of electrical conductivity with soil 
moisture. The diagram is drawn on a 1:1 scale. The remov­
able top was sealed with masking tape during the equilibra­
tion period of each moisture level used in the calibration 
process. The outlet at the bottom of the unit allows for 
the drainage of excess water at the higher moisture levels. 
General 
Other items of equipment not shown consist of a 16-inch 
electric fan, some mercury in glass thermometers, a thermo-
anemometer, a drying oven, a torsion balance and a soil 
sectioning tool. 
A soil sampler designed by Buchele (see Phillips ££ al. 
I960, page 2) was used to collect 15-inch soil cores, three 
inches in diameter. These cores are the "field cores" re­
ferred to in the introduction and subsequently. 
Figure 6. Plastic unit used in determining the resolution 
of the four-electrode probe and for obtaining 
a calibration curve. Unit is made from 1/4 
inch plexiglass. 
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Procedure 
General 
A quantity of Ida silt loam soil from the 3- to 18-inch 
depth, and 8, 15-inch Ida field cores, 3 inches in diameter 
and for the 3" to 18-inch depth were obtained from the 
Western Iowa Experimental Farm located near Castana, Iowa. 
The bulk soil was used in preparing laboratory (lab) cores 
and these lab cores together with the field cores were used 
in the evaporation study reported here. The bulk density of 
the lab cores averaged 1.20 grams per cc. and that of the 
field cores, 1.18 grams per cc. (see Appendix B, Table 19). 
It is realized that any soil, if thoroughly mixed, can 
be made relatively homogeneous ; however, the Ida soil has 
been found to be more homogeneous than most other soils in 
its natural state. Thus, the relative homogeneity of the 
eight undisturbed Ida field cores should allow qualitative 
comparisons to be made between the results obtained from the 
lab cores and from the field cores if desired. Such com­
parisons should give a better basis for possible extra­
polation, rough though it may be, to similar field situations. 
One can see from Table 19 of Appendix B that the first 
lab cores were of higher density than those subsequently 
used. Any one lab core was found to be uniformly packed to 
within +0.03 bulk density units; the field cores to within 
+ 0.06. The bulk densities were determined by sectioning the 
cores after the runs. 
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Evaporation studies 
The bulk soil collected was first put through a 2-mm. 
sieve to remove all large objects such as roots and con­
cretions. The soil was then spread on a table top and 
allowed to dry for several weeks. During this time the 
plastic cylinders containing the field cores were prepared 
for the evaporation runs by cementing plastic plates con­
taining water entry tubes to the bottom of the containing 
cylinders. 
After the bulk soil was air-dried it was packed as 
uniformly as possible into eight, 1/4 inch walled cylinders. 
These packed cores are called laboratory or lab cores. The 
lab cores along with the eight field cores, were then placed 
on rotating tables in the evaporation chamber. Four cores 
of each type were placed in each half of the chamber so that 
the evaporation characteristics of the two types of cores 
could be compared under the same conditions. 
At this time, water tubes were attached to the inlet 
holes at the bottom of the soil cores. The cores were then 
allowed to become saturated from below under a slight head. 
It was felt that this method would eliminate the problem 
of trapping air in the soil system. Once saturated, the 
soil cores were allowed to stand and equilibrate for about 
48 hours, after which the water tubes were removed and free 
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drainage to the atmosphere of any water which would drip 
from the cores was allowed. 
The above procedure for wetting the cores corresponded, 
essentially, to a field situation where a 15-inch surface 
soil would overlie a gravel stratum which, in turn, would 
overlie an impermeable soil. Initially the gravel and sur­
face soil would be saturated to the surface. The gravel 
would then be allowed to drain, leaving the surface 15 inches 
of soil at a saturated moisture content provided the soil 
could hold a tension column of 15 inches of water. The cores 
presently used could hold approximately 13 inches of tension. 
Once drainage from the bottom of the soil cores became 
negligible, the inlet tubes were clamped off and two inches 
of a dust mulch was added to one of each type of soil core 
(lab and field) in each side of the evaporation chamber. A 
similar procedure was followed with a gravel mulch and a 
corn-cob mulch. One of each type of core on each side of the 
chamber was left without a mulch cover as a check. The 
mulches were all oven-dried at 110* G. The dust mulch was 
Ida silt loam soil less than one mm. in diameter; the gravel 
mulch particles were between two and five mm. in diameter 
and the corn-cob mulch was ground in a plant sample grinder 
to about the same size as the gravel mulch. 
After the mulch was added to each core, the total weight 
of the core was determined and recorded, and a plastic bag 
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was slipped over the top of the core to prevent any evapora­
tive loss of moisture. When the soil cores had been com­
pletely prepared and placed back in the evaporation chamber, 
the lights were turned on in the left side of the chamber and 
the rotating tables were started. The plastic bags were then 
removed from the cores with the time of removal being desig­
nated as time zero. 
Once an evaporation run had been started, weight and 
time records were kept from which cumulative evaporation and 
rate of evaporation curves could be determined. The 
atmospheric temperature and humidity were also recorded with 
a hygro-thermograph along with temperature determinations at 
the top and bottom of the soil cores, and at the edge of 
the evaporation chamber. 
At the end of each experiment the packed soil cores 
were sectioned and the soil moisture distribution was deter­
mined by percent weight (oven-dry basis). Graphs of the 
final moisture distribution were drawn for each core. 
The same procedure outlined above was used for three 
more runs. One of the runs duplicated the first one exactly, 
except that it was terminated at the end of a shorter time 
interval and except that the radiation level was increased 
to 450 foot-candles. The two other runs were duplicates of 
each other and varied from the above in that a fan circu­
lated air over the surface of the columns at a velocity of 
about 7»5 feet per second. 
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There was one final variation that applied to the last 
run for each condition of air movement. This variation was 
that holes were bored through the cylinder walls so that 
the four-electrode probes could be inserted in them. The 
probes were spaced at two-inch intervals starting from the 
bottom of the cylinders. The top probe was one inch below 
the soil interface. The probes were used in an attempt to 
follow the soil moisture distribution with time under the 
imposed conditions of evaporation. 
Soil temperature determinations 
At the end of the second run for each condition of air 
movement, mercury thermometers were inserted to depths of 
0.0, 0,5, and 1.0 inches below the soil mulch interface of 
the mulched laboratory cores and temperatures were recorded. 
Moisture diffusivitv and capillary conductivity determi­
nations 
The evaporation of soil water is influenced by environ­
mental conditions external to the soil and by internal soil-
water relationships. Because of the internal soil-water 
relationships it has been assumed by other investigators 
that a knowledge of the diffusivity and capillary conductivity 
characteristics of a soil are essential to understanding how 
the process of evaporation of soil water occurs and varies 
with time. Thus, a study was conducted to determine the 
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diffusivity and capillary conductivity characteristics of 
the Ida silt loam soil selected. 
Until Gardner (1956) solved the differential equation 
for unsaturated moisture flow in a pressure membrane, 
determinations of capillary conductivity were limited to the 
effective range of tensiometers. In his approach, Gardner 
assumed that impedance caused by a pressure membrane or 
plate to flow of water from the soil was negligible. This 
is decidedly not true at high moisture levels. Miller and 
Elrick (1958) extended Gardner's work to account for mem­
brane impedance. 
The technique used by Miller and Elrick and by Gardner 
does not make full use of initial soil water outflow data 
for calculating capillary conductivity and diffusivity. 
They thus have not fully utilized the most reliable part of 
the outflow data. Kunze (1961) has remedied this and made 
the actual procedure for determining capillary conductivity 
and diffusivity from outflow data relatively easy. Kunze's 
procedure was used for this work. 
Collecting the outflow data 
Loose soil was packed in a three-inch metal cylinder 
and placed in the soil chamber shown in Figure 4» Water was 
added to the chamber and the soil was allowed to soak for 
about 48 hours. This insured good contact between the 
pressure plate and the soil. 
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At the end of the soaking period, excess water was 
siphoned from the soil chamber and the lid to the chamber 
was clamped on. A small increment of pressure was then 
added to the chamber and the soil water was allowed to equi­
librate at this pressure. No outflow data was recorded for 
this first small pressure increment because it was confounded 
by some excess water not removed by siphoning. 
After outflow resulting from the first pressure in­
crement had ceased, any air which had collected below the 
ceramic plate (below the gasket in Figure 4) was flushed out 
by circulating water in a manner described in the equipment 
section (write-up of Figure 4)» The water level in the 
burette was then determined and a bubble was introduced into 
the pipette. At this time, the pressure was again increased 
by a small amount, causing additional outflow. As water 
moved from the soil it forced the bubble to move along the 
pipette. Thus, accurate initial outflow data was obtained 
by recording the bubble position and the time. Once the 
bubble had left the pipette, additional readings were ob­
tained by reading the water level in the burette. 
The same procedure of adding pressure and recording out­
flow was repeated with this equipment until a total pressure 
of one atmosphere had been reached. Outflow data for higher 
pressures were obtained from the standard pressure membrane 
apparatus (Richards, 1947). 
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Method of calculation 
Once the outflow data had been collected the ratio of 
the outflow Q at any time t to the total outflow Q% for any 
pressure increment was plotted against t on log-log graph 
paper. The experimental curves were then matched with 
theoretical curves after the manner of Kunze (1961). Once 
the proper fit had been determined, values of af and te were 
read from the theoretical curves and used in the equations: 
•• = 1 « k (9) 
Da?te kPfa?te 
to calculate the diffusivity D and the capillary conductivity 
k. In the equations shown above, L is the length of soil 
core, t@ is a so-called reduced time, Pf is equal to 
(P,-P2)(vol. of sample)/^, where P, is the initial pressure 
and P2 is the final pressure, and a, is defined as being 
the first root of the equation 
a, - £2£_Si 
1 a 
where a is the ratio of the membrane impedance to the soil 
impedance. 
Electrical Conductivity Measurements 
The method selected to be tested, as a means of fol­
lowing the distribution (with time) of water in soil cores, 
without destroying the cores, was an adaptation of the 
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method and equipment used by Taylor (1950). This method was 
selected for several reasons; first, the equipment was 
readily at hand; second, readings could be made quickly and 
easily with the probe and plug (Figure 5) designed by the 
author; and third, rough preliminary tests indicated that 
the method should prove successful. 
Determination of probe resolution 
Any method of measuring the soil moisture distribution 
with time must have a relatively good degree of resolution; 
that is, the reading determined at any one point should not 
be influenced by conditions at any great distance from that 
point. Therefore, it was necessary to determine the size of 
the zone of influence around the four-electrode probe. 
To accomplish the above, a rour-electrode probe was 
placed in the holes provided in the calibration chamber 
(Figure 6) and the joint between the base of the electrodes 
and the wall of the container was sealed with a mixture of 
rosin and paraffin. The container was then filled with tap 
water so that, initially, the probe level was two inches 
below the water surface. At this time an apparent resistance 
determination was made (Taylor, 1950) and recorded. The next 
step was to drain some of the water through the outlet hole 
at the bottom of the calibration chamber. The new probe 
level below the water surface and a corresponding apparent 
resistance was recorded. 
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The above procedure was repeated until the water surface 
had been lowered to the level of the probe. When the level 
of the tap water became low enough to result in an increased 
value of measured apparent resistance, Ra, it was concluded 
that the air-water interface of the water column was in­
fluencing the apparent resistance. 
The procedure outlined above was utilized for similar 
determinations with "distilled" water and also with soil at 
about 20 percent moisture. 
The apparent resistance determined for the three cases 
described were converted, for ease of plotting, to apparent 
electrical conductivity values by the approximate equation: 
(T = —L_ 
2fraRa (10) 
where a is the distance between adjacent electrodes of the 
probe and Ra is the apparent resistance. Equation 10 is 
obtained from equations 5 and 6 by assuming b, the distance 
below the ground surface, equal to zero. The assumption 
about b is partially justified on the basis that the 
electrodes (Figure 5) are uninsulated over their whole 
length in the electrolyte. It is realized that the above 
assumption is in error, particularly since the electrodes 
are not point electrodes as called for in the derivation of 
equation 10. 
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The same method of calculating apparent electrical con­
ductivity was used for all the work in which resistance 
determinations were made. The conversion factor is unim­
portant as long as the calibration curve is used. 
Calibrating the four-electrode probe 
The probe was calibrated against soil moisture in a 
simple manner. Air-dry Ida silt loam soil was separated into 
several samples to which varying amounts of water were added 
to bring each sample to a different level of moisture. The 
water was completely mixed with the soil with a small, 
electric egg beater. Each sample was then placed in a 
plastic bag and allowed to equilibrate for about one week's 
time. At the end of the equilibration time, soil at the 
different moisture contents was packed as uniformly as pos­
sible into the calibration chamber, the top of the chamber 
was tapped and sealed in place with masking tape, and the 
four-electrode probe was inserted and sealed in place with 
the prescribed wax. A second time lapse of 48 hours was 
then allowed for additional equilibration. 
The above procedure was followed for moisture contents 
up to about 25 percent. ' Higher moisture values were obtained 
by packing the soil into the calibration chamber at 25 per­
cent moisture and then adding additional water to the soil 
before sealing the top in place. 
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At the end of the final equilibration period for each 
sample, the apparent soil resistance was determined and the 
soil was sampled to determine the exact percent moisture by-
weight. The apparent resistance was then converted to 
apparent electrical conductivity and plotted against the 
percent moisture determined. 
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RESULTS 
Cumulative Evaporation from Soil Cores 
Results for the cumulative moisture loss from the soil 
cores are presented on eight drawings which follow. On these 
drawings the terms "first run" or "second run" refer to 
replications with respect to air movement but not necessarily 
with respect to "received radiation". The "received radi­
ation" level for the first two drawings (Figures 7 and 8) 
is 200 foot-candles, for the subsequent six drawings, 450 
foot-candles. 
Figure 7 shows the accumulated amount of moisture, in 
grams, lost by evaporation from laboratory cores plotted 
against time, in hours, for the first run. The first run 
was conducted under conditions of no air movement other than 
that supplied by the motion of the rotating tables. The 
intensity of radiation for the first run was determined to 
be 200 foot-candles; for all subsequent runs it was increased 
to 450 foot-candles. Under conditions of no air movement 
the average temperature increase caused by 200 foot-candles 
of radiation was 8.7e F. at the mulched and check core 
surfaces. For 450 foot-candles the average temperature in­
crease was 21.4e F. In addition, it was found that the 
average temperature increase at the mulched and check core 
surfaces for conditions of air movement (7.5 feet per 
second) was only 5«8° F. 
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In terms of gram calories of energy the radiation imposed 
was equivalent to about 0.03 and 0.07 gram calories cm~2 
sec"^ for the 200 and 450 foot-candles of radiation respec­
tively. These figures (0.03 and 0.07) are small when com­
pared to the 1.4 gram calories cm"2 sec""*- normally found on 
a bright day. However, the radiation was imposed on a 24 
hour basis and did cause a considerable temperature increase 
as noted above. Thus, while the evaporation differences 
shown in the following figures are small, it is probable that 
the differences are real. 
Recall that a hygro-thermograph was shown in Figure 1, 
bottom. The Instrument supplied a continuous record of the 
relative humidity (R.H.) of the air about the evaporation 
chamber. The R.H. data (not shown) indicated that the first 
evaporation run started with a R.H. of about 50 percent and 
that the R.H. then decreased gradually to about 25 percent 
at the end of 3 weeks. The R.H. remained at 25 (±2) percent 
for the remainder of the first evaporation run and for all 
subsequent runs. 
The greatest fluctuation in R.H. occurred during the 
evaporation runs with no air movement. During such runs the 
R.H. measured external to the evaporation chamber would have 
little significance since it gave no indication of the 
stratification of R.H. that occurs over the soil cores with­
in the evaporation chamber. 
Figure 7. Cumulative evaporation curves. 
These curves are for evaporation from laboratory cores (first run) 
under conditions of no air movement and a radiation intensity of 
200 foot-candles for cores which were radiated. 
The legend in the lower right-hand corner of the figure applies to 
all the graphs. 
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Notice that Figure 7 contains four sets of two curves, 
a set for each type of soil surface condition imposed — 
the surface conditions being a gravel mulch, a corn-cob 
mulch, a dust mulch and a no-mulch core (check). In each 
set, the line through the circle data points is the curve 
for water lost from the soil core under radiation, the line 
through the triangle data points is for water lost from the 
soil core that received no radiation. The lines are drawn 
by eye. 
Notice that the water loss curves for the soil cores 
under the various mulches are all basically linear in 
nature, indicating a constant rate of evaporation. Notice 
further, that the magnitude of loss from under the different 
mulches is decidedly different, with the least water lost 
under the gravel mulch and the greatest amount lost under 
the dust mulch. 
The dust mulch took up some water on application, but 
never became completely wet; the dust surface remained 
powdery. 
Again, notice that the amount of water lost from under 
the three mulches is greater under conditions of radiation 
than under conditions of no radiation. 
The moisture lost from the check cores presents a 
different picture from that of each mulched core. For the 
check cores, initially, and only initially, the amount of 
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water lost for radiation and no radiation is very great, 
with the greatest loss occurring from the soil core under 
radiation. The curves also are almost linear in appearance 
during the early stages of loss, with the linear appearance 
disappearing first for the soil core under radiation. Notice 
that, as time progresses, the amount of water lost from the 
soil core with no radiation gradually catches up with the 
amount of water lost from the core under radiation. At 
about 600 hours, there is a cross-over in the curves so that 
at the end of the run the core under conditions of no radi­
ation has lost the greatest amount of water. 
Figure 8 is the same as Figure 7 except that it is for 
the field cores. Notice here that only the curves for water 
lost from the cores with corn-cob mulch and gravel mulch 
are linear. The curves for water lost from the core with 
the dust mulch is non-linear from the start and closely re­
sembles the curves for the check core. In addition, the 
dust mulch curves show that the non-radiated core lost a 
greater amount of water than did the radiated core. 
In Figure d, as in Figure 7, the initial loss from the 
check cores is very great, with the amount of loss per unit 
of time decreasing with time. Unlike the results shown in 
Figure 7, however, the water lost from the check, non-radiated, 
core never equals that from the radiated core. This point 
will not be mentioned again, but it should be kept in mind, 
since the same relation holds true for the field cores in 
Figure S. The same as Figure 7 except for field cores. 
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all the runs conducted. 
Figure 9 is the same as Figure 7 except that it is for 
the cumulative evaporation from laboratory cores for the 
second run under conditions of no air movement and which, 
when radiated, received 450 foot-candles rather than 200 
foot-candles. The time period for this run was only 642 
hours (27 days) as compared to the 1750 hours (73 days) for 
the first run. 
Notice that the general characteristics of the curves 
are identical with those shown in Figure 7. That is, the 
curves for the mulched soils are linear with more water being 
lost from the radiated cores than from the non-radiated cores. 
In addition, the check curves again are initially almost 
linear with the non-linear portion appearing a little sooner 
than for Figure 7. 
It is also obvious that the amount of loss from the 
radiated cores is somewhat greater than for a time interval 
of similar length in the first run. The greater water loss 
is a reflection of the increased radiation used here — see 
the first paragraph of the Results section. Again, however, 
the gravel mulch proved most effective in stopping water 
loss. That is, at the end of 642 hours under conditions of 
no radiation, the soil core with the gravel mulch had lost 
about 27 grams of water, the corn-cob mulch about 49 grams 
and with the dust mulch about 55 grams. The figures for 
Figure 9. The same as Figure 7 except for 450 foot—candles for cores 
when radiated. 
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cores under radiation are 43, 73, and 03 grams respectively. 
Figure 10 is the same as Figure 9 except that it is for 
field cores. In general, the evaporation shown here is 
identical with that shown for the field cores during the 
first run. The increased radiation has caused an increase 
in evaporation, but not to the extent that it did with the 
laboratory cores. 
Notice that, unlike the curves seen for the dust-mulched 
core in Figure #, the curve for the radiated, dust-mulched 
core of Figure 10 indicates greater water loss than does the 
curve for the non-radiated core. No explanation can be 
offered for the results shown in Figure S and the subsequent 
change noted in Figure 10. 
Figure 11 is the same as Figure 9 except for the in­
clusion of air movement of 7*5 feet per second. In com­
paring the moisture losses from the no radiation cores with 
and without air movement (see Figure 11 and Figure 7) one 
sees that the wind has increased the magnitude of the 
cumulative evaporation, but has not affected the shape of 
the curves or the relation between the radiated and non-
radiated cores. 
One general exception to the above is shown in the 
curves for the check cores. These curves have maintained 
the same general shape except that the initial loss is 
greater and the bend in the curves is displaced somewhat 
Figure 10. The same as Figure 9 except for field cores. 
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Figure 11. The same as Figure 9 except for air movement of 7.5 feet per 
second. 
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to the left. These curves again show a cross-over point, 
but at a somewhat earlier time. Notice also, that shortly 
after these curves cross they seem to assume a parallel 
relation that is maintained throughout the rest of the run. 
Figure 12 is the same as Figure 9 except that it is 
for field cores and for air movement of 7.5 feet per second. 
Here also we see that the air movement has increased the 
total amount of water lost from each core. Again the gravel 
mulch proves to be the most effective in preventing or 
slowing down the evaporation process. In general, the 
shapes of the curves agree with those shown in Figures B and 
10. One exception of this is seen in the shape of curve for 
the soil column with no radiation under the corn-cob mulch. 
This curve shows an unexplainable increasing tendency with 
the final point indicating a greater total moisture loss. 
Also notice that in Figure 10, but unlike Figure 8, the 
radiated core with the dust mulch indicates greater water 
loss than does the non-radiated core. 
Figure 13 is the same as Figure 9 except for 7.5 feet 
per second air movement. Figure 13 represents a replicate 
run of Figure 11 and, as one might hope, the corresponding 
curves for the two figures are similar. The soil cores 
under radiation and with mulch are again seen to have greater 
water loss than that from the cores with no radiation. By 
the end of the run the cores under no radiation with the 
Figure 12. The same as Figure 9 except for field cores and for 7.5 feet 
per second air movement. 
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gravel mulch had lost 9$ grams of water, with corn-cob 
mulch 166 grams of water and with the dust mulch Id? grams 
of water. Under radiation these figures became 13B, 196 
and 202 grams of water respectively. 
The curves for the check cores in Figure 13, except for 
a small upward displacement, are nearly identical with those 
in Figure 11. At the end of the run, both the radiated and 
non-radiated cores had lost about the same amount of water. 
Figure 14 is the same as Figure 9 except that it is 
for the field cores of a replicate run involving air move­
ment. Notice that the curves shown for the check and the 
gravel treated soil cores for this figure and for Figure 12 
are nearly superimposable. The other curves differ in that 
the curve for evaporation from the soil core with a corn­
cob mulch and no radiation has assumed its usual position 
(Figures Ô, 10 and 12) with respect to the radiated core. 
Also notice that we have another reversal of the curves 
from the dust mulched cores. 
Rate of Evaporation from Soil Cores 
For all practical purposes, curves showing the rate of 
evaporation from the mulched soil cores would be, in all 
cases, a straight line as is evidenced by the slopes of 
the cumulative evaporation curves just shown. One excep­
tion to this is found in the unexplainable inconsistencies 
Figure 13. The same as Figure 9 except for 7.5 feet per second air movement 
(like Figure 11, but a second run). 
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noted in the field cores with the dust mulch where non­
linear curves were obtained. Table 1 shows the evaporation 
rates, exclusive of the non-linear situation. The table 
shows that in all cases the gravel mulch is most effective 
in decreasing the rate of evaporation, the corn-cob mulch 
is next and the dust mulch is the least effective. The 
table also clearly shows that the evaporation rate is in­
creased both by the air movement and by the radiation. 
For example, the two rows for "gravel" show that the 
average increase in the rate of evaporation caused by 
radiation over no-radiation, when both levels of air move­
ment were averaged, was f(.057 + .067 + .089 + .090) 
- (.050 + .068 + .044 + .O64A * 0.0192 grams per hour. 
The table also shows (compare first and second columns with 
the third and fourth for gravel) that the average increase 
caused by air movement, when both levels of radiation were 
averaged, was [( .068 + .089 + 0.64 + 0.90) - ( .050 + .057 
+ .044 + .067)J/4 = 0.0232 grams per hour. It is also of 
interest to note that the average increase caused by the 
combined effects of radiation and wind (compare column one 
with column four for gravel) was fj ,090 + .089) - ( .050 
+ .044)jf/2 « O.O425 grams per hour. This is seen to be 
nearly equal to the sum effect (0.0192 + J0232 = .0424 grams 
per hour) of radiation and air movement. 
A statistical analysis of the data in Table 1 showed 
that the air rovement and radiation effects were both 
Figure 14. The same as Figure 9 except for field cores and for 7.5 feet 
per second air movement (like Figure 12, but a replicate run). 
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significant at the 10 percent level. The interaction be­
tween the two factors was insignificant, indicating that 
radiation and air movement were about additive in their 
effect at the intensity levels used. 
The data in Tables 1 can be converted to inches per 
year by multiplying by 75.65. For example, this would make 
the lowest rate of loss listed for a dust mulch in Table 1 
equal 6.5# inches per year (but this rate would probably 
not continue for a year since the 15-inch long cores con­
tained only about seven inches of water when saturated). 
Table 1 allows comparisons of evaporation rates from 
replicate runs. The worst comparisons in Table 1 are, in 
the third column, 0.117 and 0.87 grams per hour, and, in 
the sixth column, 0,170 and 0,132 grams per hour; both com­
parisons are for the dust mulch. Values for runs 1 and 2 
in the fourth column may not be compared because of dif­
ferences in radiation intensities. 
Table 2 is the same as Table 1 except that it is for 
the evaporation rate from the field cores. Also note that, 
as mentioned earlier, the table does not include figures 
for the dust mulch cores. The same effect in both relation 
and magnitude of mulch, air movement and radiation on the 
evaporation rate from the soil cores is observed in Table 2 
as in Table 1. Table 2 may also be used to compare 
replicate runs. Discrepancies are not as large in Table 2 
as in Table 1. 
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Table 1. Rate of evaporation from mulched laboratory cores 
when the water loss varied linearly with time for 
the whole duration of a run (at least 642 hours). 
Run No Air Movement Air Movement 
Number Mulch Mo Èadiation Radiation No Radiation Radiation 
gms/hr. gms/hr. gms/hr. gms/hr. 
1 dust .117 .129* .153 .170 
corn­
cob .079 .090a .108 .146 
gravel .050 .057* .068 .089 
2 dust .037 .130 .120 .132 
corn­
cob .075 .113 
<0 0
 
1—1 
.128 
gravel .044 .067 .064 .090 
a Cores received 200 foot-candle radiation (all others 
radiated had 450 f.c.) 
Table 2. Same as Table 1 except for field cores. 
Run No Air Movement Air Movement 
Number Mulch No Radiation Radiation No Radiation Radiation 
gms/hr. gms/hr. gms/hr. gms/hr. 
1 corn­
cob ,079 .084* .125 .121 
gravel .054 .060a .070 .083 
2 corn­
.098 cob .071 .092 .114 
gravel .043 .062 .064 .074 
a Cores received 200 foot-candles radiation (all others 
radiated had 450 f.c.) 
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Figure 15 shows the graphs of evaporation rate from 
laboratory cores with no mulch. These curves were not ob­
tained by fitting the slopes of the no-radiation, no-mulch 
cores of Figures 7, 9, 11, and 13. Instead, the curves 
were determined by calculating rate values from daily water 
loss and time data. Not all of the data points are shown. 
Figure 15 A gives the curves obtained from the first 
run with no air movement and Figure 15 B gives the curves 
for the second run with no air movement. Notice that in 
Figure 15A, at zero time, the rate curve for the radiated 
core is initially lower than that for Figure 15 B. This 
is a reflection of the increased radiation level used: the 
radiation level for curve 15 A was 200 foot-candles; for 
15 B (and 15C and 15 D), 450 foot-candles. 
Observe that in Figures 15 A and B the curves for these 
no-mulch cores, in the case of no radiation (points in 
triangles), exhibit periods of constant rates of water loss. 
These periods would be more apparent if more data points 
and larger graphs had been used. In Figure 15 B, at zero 
time, for the radiated core, there is a period of constant 
rate of loss lasting about 50 hours which is not readily 
apparent because of the time scale. 
Graphs C and D in Figure 15 are curves for the replicate 
runs of Figures 11 and 13 for the check (no-mulch) cores, 
with air movement. At time t = 0 one reads, for the 
radiated cores of Figures 15 C and 15 D, rates of about 4 
Figure 15. Curves of rate of evaporation versus time 
for unmulched (check) laboratory cores. 
A. Curves from data on Fig. 7 
B. Curves from data on Fig. 9 
C. Curves from data on Fig. 11 
D. Curves from data on Fig. 13 
The designation for radiation levels shown 
in D. apply to all graphs. 
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grams per hour. These rates were obtained with air movement. 
The corresponding core with no air movement (Figure 15 B) had 
a rate of about 2 grams per hour—half that obtained for no 
air movement. The rate of evaporation quickly decreased in 
Figures 15 C and 15 D until a rate of about 0.5 grams per hour 
was reached after 200 hours. A similar value was reached by 
the radiated cores of Figure 15 B at about 300 hours. 
Figure 16 is the same as Figure 15 except that it is 
for the evaporation rates from the field cores. In general 
the comments made for Figure 15 apply here also. Again 
notice the periods of constant evaporation rate for the 
curves of Graphs A and B. 
Figure 16. Same as Figure 15 except that it is for the 
field cores. 
A. Curves from data on Fig. 8 
B. Curves from data on Fig. 10 
C. Curves from data on Fig. 12 
D. Curves from data on Fig. 14 
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Soil Moisture Distribution with Depth 
As stated in the section on Procedure, the laboratory 
cores were sectioned at the end of each evaporation run so 
that the moisture (and bulk density) distribution with depth 
could be determined. The field cores were, of course, 
sectioned only after the last run. The results for these 
moisture distributions are shown in the next ten drawings. 
In each of these drawings, as in Figure 17, the location of 
the soil-mulch interface is designated as the zero depth. 
The number above the zero mark indicates the depth of mulch 
in inches above the soil. 
Figures 17 and IB give depth distributions which cor­
respond to equal conditions except that Figure 17 is for no 
radiation and Figure Id is for 200 foot-candles of radiation. 
Both the figures are for no applied air movement. Before 
Figures 17 and Id were found into this thesis, they were 
superposed and held up to the light. The depth distribution 
fell almost identically on each other. At no depth did the 
moisture percent differ by more than 3 percent for cor­
responding curves. For the first inch below the soil-mulch 
interface the deviations were less than 1 percent. Never­
theless the total moisture lost from the soil cores for the 
corresponding curves was not the same, as is seen in Figure 7 
where the radiated soil cores (except the check core) had 
*4 
water loss values in excess of the non-radiated cores, 
ranging from (225-205 «*) 20 grams for the dust mulch to 
(100-S7 •) 13 grams for the gravel mulch. The corn-cob 
mulch difference was (157*138 «) 19 grams. These small but 
definite moisture differences are accounted for by the small 
intensity of applied radiation. Figures 17 and 18 both 
show for each mulch treatment vertical curves and hence 
show essentially constant moisture distribution with depth, 
for the region below the interface. The constancy with 
depth was an unexpected result. It is remembered that the 
bottom of the cores were sealed against moisture loss after 
the initial drainage of water just before the start of the 
runs. 
Figures 19 and 20 are for depth distributions after 
642 hours. The situations are the same for each figure 
except that Figure 20 is for 450 foot-candles radiation and 
Figure 19 for no applied radiation. Both are for no air 
movement. Again the depth distributions superpose except 
for no mulch where the radiated core dried to about 13 per­
cent less moisture at the interface than did the non-
radiated core. Again, the curves except for the no-mulch, 
radiated core, are essentially vertical with depth. 
The occurance of a vertical distribution with depth 
at the end of 642 hours, as shown in Figures 17 and 20, as 
at the end of 1750 hours (Figures 17 and 18) indicates that 
Figure 17. Graphs of moisture versus depth for the non-radiated lab cores 
of Figure 7 when sectioned at the end of the run (1750 hours). 
The zero mark on the depth axis (ordinate) designates the soil-
mulch interface. The 2-inch mark above the zero mark designates 
the depth of the mulch treatments. 
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Figure Id. Same as Figure 1? except that cores were radiated. 
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Figure 19. Same as Figure 17 except a second run (sectioning done at 642 hrs.). 
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Figure 20. Same as Figure 17 except for a second run of radiated lab cores 
(sectioning done at 642 hrs.). 
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the moisture distribution probably remained vertical from the 
start of the run, and moved by a complete horizontal dis­
placement (graphically) with time. 
Figures 21 and 22 are for equal~"~bonditions except that 
Figure 22 is for 450 foot-candles of radiation versus no 
radiation for Figure 21. Both figures are for 7.5 feet per 
second air movement. Superposition of the figures as before 
shows for dust and gravel less than 2 percent differences 
anywhere in the profiles below the mulch. For the corn-cob 
mulch the radiation decreased the moisture percentage about 
2 to 3 percent throughout the profile as compared with no 
radiation. A most remarkable result is that found for the 
no mulch profiles. They are almost identical for radiation 
and no radiation; there is less than 1 percent difference 
between the profiles at any depth. The no mulch curves do 
not show a constant distribution with depth except for 
depths 6 inches below the interface. The other mulch curves 
are essentially vertical everywhere. 
Figures 23 and 24 are respectively replicates of Figures 
21 and 22 and what was said for Figures 21 and 22 holds 
equally well for Figures 23 and 24. To compare replica-
bility, Figures 21 and 23 were superposed. The distribution 
curves differed by less than 2 percent. For a further check 
on replicability, Figures 22 and 24 were superposed. The 
distributions agree to better than 3 percent everywhere. 
Figure 21. The same as Figure 17 except for 7.5 feet per second air move 
ment (sectioning done at 1670 hrs.). 
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Figure 22. The same as Figure 17 except for lab cores with radiation and 
7.5 feet per second air movement. (Sectioning done at I67O hrs.) 
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Figure 23. Same as Figure 17 except for second run (on lab cores) and 7.5 
feet per second movement and sectioning done at 1533 hrs. 
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Figure 24. Same as Figure 17 except for radiation, and 7.5 feet per second 
air movement, and a second run (on lab cores), and sectioning 
done at 1533 hrs. 
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Figures 25 and 26 are for field cores. All the pre­
ceding distributions (Figures 17 to 24) have been for lab 
cores. If Figures 25 and 26 are superposed it is seen that 
the moisture distributions are essentially the same after 
the 642 hours. In other words, radiation versus no radiation 
had little effect on the distribution after 642 hours. 
Figures 19 and 20 were for the corresponding lab cores and 
yielded the same conclusions for the same 642 hours — that 
is, radiation versus no radiation had little influence on 
the soil water distribution after 642 hours. 
Temperature Distribution of the Surface Inch 
of Soil under Various Mulch Treatments 
Table 3 gives the temperature at successive times, near 
the end of a run, for the surface inch of soil under the 
various mulch treatments for lab cores with no air movement 
and either with or without radiation (see Figure 9). Table 
3 shows that the temperature in the surface inch of soil is 
about 9 to 12 degrees higher for the radiated cores than for 
the non-radiated cores. The table also shows that the 
temperature at the interface in the radiated cores is 1 to 
3° F. higher than the temperature for the 0.50- and 1-inch 
depths below the interface. The increased interface tem­
perature is, in general, not found for the non-radiated soil 
cores. For them as is seen by reading the no radiation 
1 
! 
Figure 25. Same as Figure 17 except for field cores and a second run, and 
sectioning done at 642 hours. 
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Figure 26. Same as Figure 25 except for field cores under radiation and a 
second run. Sectioning was done at 642 hrs. 
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Table 3. Temperature distribution in surface inch of soil 
at the end of second evaporation run with no air 
movement. Only data for mulched cores are shown. 
Hours from 
beginning 
of runa Mulch Radiation 
Temperature (°F.)b 
at designated depth 
bslvw 
0 in. 0.5 in. 1.0 in 
607 Dust yesc 
nod 83 I3 83 
Gravel yes 
no 
96 
84 
93 
84 
93 
84 
Corn-cob yes 
no 
96 
85 83 
92 
84 
613 Dust yes 
no 11 U % 
Gravel yes 
no 
95 
83 
92 
83 
92 
83 
Corn-cob yes " 
no 85 
92 
82 
91 
83 
621 Dust yes 
no 83 83 
92 
83 
Gravel yes 
no 
96 
84 
93 
83 
93 
84 
Corn-cob yes 
no 
96 
85 
92 
83 
91 
84 
632 Dust yes 
no 83 83 83 
Gravel yes 
no 
96 
84 
93 
84 
93 
84 
Corn-cob yes 
no 
96 
85 83 84 
a The lapsed hours should ideally be the same for each 
set of determinations in order to compare results. 
b Each temperature listed represents a single deter­
mination for the given hours. 
0 Soil under 450 foot-candles of radiation. 
d Soil received no radiation. 
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entries in the horizontal lines of Table 3 (as 83, 83, 83, 
at 60? hours) the temperatures at the 0, 0.5 and 1.0 inch 
depth below the interface are nearly equal. 
Table 4 shows again that the radiated cores have a 
higher temperature than do the non-radiated cores. Also, 
the radiated cores have an interface temperature slightly 
higher than the temperature at the lower depths. Notice, 
however, that if the results of Table 4 are compared with 
those of Table 3, one can see a marked difference in the 
temperature effect of radiation. It is apparent that the 
temperature of the radiated cores in Table 4 has been greatly 
modified by the air movement, the differences between the 
"yes" and "no" values as 87-82, 86-82, and 86-82 of the top 
two lines being much smaller than for the corresponding 
differences of Table 3. 
Diffusivity and Conductivity Data 
Figure 27 is a plot of the moisture diffusivity data 
obtained by the pressure outflow method (see discussion 
given in section on Procedure) against the percent moisture 
in the soil on a dry weight basis. The line drawn through 
the data points in Figure 27 was fitted visually as a rough 
aid in showing the relationship existing between diffusivity 
and percent moisture over the 0-30 percent moisture range. 
The shape of the line drawn is that which is specified by 
current unsaturated flow theory under the assumption that 
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diffusivity is a single-valued function of the soil moisture 
content. The data points seen on Figure 27 at the wet and 
of the moisture range do not fit the curve drawn. The points 
would, however, fit a parabolic curve with a maximum point 
at 32-33 percent moisture and would represent the diffusivity 
as a double-valued function of the moisture content of the 
soil. 
Table 4. Same as Table 3 except that it is for the second 
run with air movement. 
Hours fromTemperature (°F.)b 
beginning at designated depth 
of runa Mulch Radiation below soil interface 
Q in* Q>5 in, 1,9 in. 
1523 Dust yes0 87 86 86 
noa 82 82 82 
Gravel yes 89 87 87 
no 83 83 83 
Corn-cob yes 86 86 86 
no 82 82 82 
1532 Dust yes 87 86 86 
no 82 82 82 
Gravel yes 87 87 87 
no 83 82 82 
Corn-cob yes 85 86 85 
no 81 82 82 
a The lapsed hours should ideally be the same for each 
set of determinations in order to compare results. 
b Each temperature listed represents a single deter­
mination for the given hours. 
c Soil under 450 foot-candles of radiation. 
d Soil in darkness. 
Figure 27. Graph of diffusivity versus percent moisture. 
The diffusivity is given in units of cm2min"i. 
Percent moisture is given on a weight basis. 
Points were obtained from pressure outflow 
data. (See Appendix B, Tables $-16.) 
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Figure 2d is the same as Figure 27 except that it is 
for capillary conductivity k in units of cm min"1 x 10^. 
Notice that in Figure 28, as in Figure 27, one could easily 
draw a parabolic curve through the data points at high 
moisture values, with a maximum at about 32-33 percent. The 
curve would then give the capillary conductivity as a double-
valued function of the water content, which is contrary to 
present assumptions about the behavior of k. 
The data of Figure 28 can be converted to grams per hour 
by multiplying by 2735. For example, the capillary conduc­
tivity for 30 percent moisture would convert to about 0.82 
grams per hour and for 25 percent would convert to about 0.07 
grams per hour. 
Electrical Conductivity Measurements 
Resolution of the four-electrode probe 
Figure 29 is a graph indicating the variation of the 
apparent electrical conductivity of tap water with changes 
in the level of water surface above the level of the four-
electrode probe. The abscissa of the graph in Figure 29 is 
the depth in inches and the ordinate is the electrical con­
ductivity expressed as <r x 103, where <r is in mhos. Thus 
a reading of 0.8 on the "y-axis" of Figure 29 means 
or = 0.0008 mhos or <r= 0.8 millimhos. Each data point 
shown in Figure 29 is an average of three determinations, 
Figure 2&. Same as Figure 27 except that the graph 
ordinate is for capillary conductivity. 
The capillary conductivity is plotted in 
units of cm min~l x 10°. Multiply the 
capillary conductivity value at any moisture 
level by 2735 cm&min hr"i to get values 
comparable to evaporation rates shown in 
Tables 1 and 2 and Figures 15 and 16. 
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PERCENT WATER BY WEIGHT 
Figure 29. Graph of electrical conductivity versus 
depth of probe level below the surface of 
tap water (T) in the calibrating cylinder. 
Each point shown is an average of three 
determinations. The ordinates 0, 0.2, 
0.4, 0.6, etc. on the graph are mhos per 
cm. 
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which is true for the points in all of the graphs to be shown 
dealing with apparent electrical conductivity. Notice the 
deviations of the data points from the curves drawn -- a 
point that will be discussed later. 
The plots of points obtained with both of the known 
resistances used are similar, but displaced from each other. 
Each curve indicates that the apparent electrical conduc­
tivity falls off sharply for a water level point about one 
inch above the probe level. The shape of the curves above 
the one-inch point indicates that conducting material 
greater than one inch away from the probe level has little 
influence on the probe readings obtained. 
Figure 30 is the same as Figure 29 except that it is 
for "distilled" water. The apparent electrical conductivity 
of Figure 30 is plotted on the ordinate as (T~ x 10-*. Notice 
in Figure 30, as in Figure 29, that the apparent electrical 
conductivity again decreases at about the one-inch level• 
Figure 31 is the same as Figure 29 except that it is 
for soil. The data shown in Figure 31 also indicates a 
decrease in apparent electrical conductivity at a soil inter­
face level one inch above the probe level. It is likely, 
therefore, that probe readings taken at two-inch intervals 
should give the moisture (apparent electrical conductivity) 
conditions for the two-inch zone about the probe. 
Figure 30. Same as Figure 29 except for "distilled" 
water (D). 
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Figure 31. Same as Figure 29 except for soil (S). 
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Calibration curves 
Figure 32 shows the calibration curves of apparent 
electrical conductivity versus percent moisture (dry-weight 
basis) obtained with the four-electrode probe for cylinders 
of 1/8-inch and 1/%-inch wall thicknesses. The calibration 
curve is different for each cylinder wall thickness used. 
Once again, electrical conductivity is expressed as f x 103. 
It was observed, in collecting the soil core apparent 
electrical conductivity data, that the initial values 
obtained at high soil moisture levels were quite consistent. 
The consistency of the data, however, was not maintained 
throughout an entire evaporation run. In fact, at the end 
of an evaporation run when the soil core was sectioned, the 
moisture distribution determined gravimetrically departed 
markedly from the distribution given by the apparent 
electrical conductivity values. The field core data were 
more inconsistent than those of the laboratory cores. It 
will be brought out in the discussion, that the poor 
apparent electrical conductivity results are believed to be 
due to faulty electronic equipment associated with the four-
electrode probe. 
Figure 32. Calibration curves of electrical conductivity 
versus percent moisture. Electrical con­
ductivity is expressed as ^ x 103 and percent 
moisture is expressed as percent by weight; 
i.e.. the ordinates 0, 0.5,. 1.0, etc. are 
millimhos per cm. 
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DISCUSSION 
Mulch Effects 
The data collected in this experiment indicate that a 
dust mulch was not as effective as a gravel mulch in pre­
venting soil water loss by evaporation. Relatively speaking, 
the effectiveness of a corn-cob mulch in preventing the 
evaporation of soil water lies between the effectiveness of 
a dust mulch and a gravel mulch. 
Buckingham (1907) and again Hanks and Woodruff (1958) 
reported that dust was a more effective mulch than was 
gravel in preventing soil water loss by evaporation. Their 
findings are quite different from the findings of the present 
study, but the difference can be explained on the basis of 
the different techniques used in testing the mulches. 
Buckingham (1907) and Hanks and Woodruff (1958) used a com­
plete capillary break, or air-gap, between the moisture 
source and the mulch used. No capillary break, or air-gap, 
was used in the current study. 
In the current study, oven-dry mulch material was 
poured directly onto a moist soil surface — a procedure 
that resulted in some capillary movement of moisture into 
the lower mulch area, but did not wet the mulch to the sur­
face. It was felt that such a procedure should give a more 
realistic picture of what actually occurs in practice, since 
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in actual practice, the bottom of a mulch is in contact with 
a moist soil. Used in such a way, with no capillary break 
(open space) between the mulch and wet soil below, one sees 
that the effectiveness of a mulch in preventing evaporation 
losses should be a reflection of the amount of capillary 
water taken up by the mulch, which in turn reflects the 
distance that the water lost must move through the mulch in 
the vapor form before going to the atmosphere. 
The moisture distribution data for the mulches shown 
in Figures 19-26 indicate that the gravel mulch came the 
closest to approximating a complete capillary break of the 
pores, with the corn-cob next and the dust last. The mulches 
assumed the same respective order in their action in an 
evaporation barrier with the gravel mulch being the most 
effective and the dust mulch the least effective. 
Effect of Air Movement and Radiation 
Observation of the data shown in the cumulative 
evaporation curves (see Figures 7-14) and the tabulation 
of slopes of these curves for the mulch cores (Tables 1 and 
2) indicated that the evaporation rate was increased about 
equally by the wind alone or by radiation alone. In fact, 
the data indicate that at the levels of air movement (7.5 
feet per second) and radiation (200 and 450 foot-candles) 
used in these runs, the effects of the air movement and 
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radiation, were about additive. An example of the radiation 
and air movement effects on evaporation can be found in 
Table 1 for the gravel mulch cores. These data indicate 
that the evaporation rate was increased 0.0192 grams per 
hour by radiation alone and 0.0232 grams per hour by air 
movement alone. The increase caused by both air movement 
and radiation was 0.0425 grams per hour, which is nearly 
equal to the sum of the radiation and air movement effects 
noted (0.0192 + 0.0232 = O.o424 grams per hour). 
The above results could not be anticipated from the 
temperature data given in Tables 3 and 4. These tables 
indicate that the air movement had a great modifying effect 
on the temperature increase due to radiation in the 0- to 
1-inch layer of soil beneath the mulches. It would seem that 
the temperature modification by the air movement could cause 
a negative interaction between the two factors. Such a 
phenomenon has been reported by Lemon (1956) and Kolasew 
(1941)* They observed that in the presence of a wind break, 
evaporation was sometimes greater because the lack of air 
movement caused an increased soil temperature. 
The effect of air movement and radiation on unmulched 
cores was shown in Figures 15 and 16. These figures indicate 
that, at the levels of air movement (7.5 feet per second) 
and radiation (450 foot-candles) used, the initial evapo­
ration rate was about doubled by each factor and, as with the 
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mulched cores, the combined initial effects were additive. 
Figures 15 and 16 also indicated that at low rates of 
evaporation (no air movement, no radiation) the initial rate 
of evaporation was maintained over a given interval of time. 
The duration of the time interval of the constant rate of 
evaporation decreased as the initial evaporation rate in­
creased until, for the highest rate of evaporation shown 
(air movement plus radiation), no initial constant rate of 
evaporation could be seen. It is probable, however, that 
for a short time interval, not evident at the time scale 
used, an initial constant rate of evaporation did exist for 
the highest initial rate of evaporation. 
The initial constant rate of evaporation mentioned 
above implies that the rate of evaporation will be constant 
over a certain range in soil moisture. Such a phenomenon 
is in agreement with the observations of Kolasew (1941) and 
Lemon (1956). 
Soil Moisture Distribution with Depth 
Figures 17-26 showed that the moisture distribution with 
depth below the soil-mulch interface of the mulched cores 
was essentially constant. A constant moisture distribution 
with depth had not been anticipated and an adequate expla­
nation cannot be offered for its appearance. 
One would have anticipated (on the basis of capillary 
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flow under potential gradients and on the basis of a 
temperature decrease (3-12* F., data not shown) with depth 
below the soil interface of the radiated cores) a moisture 
increase with depth. However, such an increase in moisture 
is not apparent. Further study on moisture distributions 
with depth, in drying soil cores, is needed before any real 
answer can be presented to explain the occurance of a con­
stant moisture distribution with depth. 
It may be that the gradient of capillary potential is 
so small across the soil cores in comparison to the gradient 
across the mulches that only small changes in the potential 
at the interface are needed to cause capillary flow at a 
rate sufficient to meet the evaporation rates recorded 
(Tables 1 and 2). Small capillary potential gradients 
across the soil core would mean only small moisture varia­
tions that could be masked by packing variations in the 
soil cores. 
The data for the unmulched cores of this study indicate 
that, as evaporation proceeds, a surface zone of dry soil 
develops that acts as a mulch. Once the dry zone has 
developed, the water below this dry zone behaves similar to 
the water in the soil cores under the applied mulches. 
That is, below the surface layer of dry unmulched soil one 
finds a zone of moisture increase with decreasing depth as 
found in the applied mulches themselves (see Figures 19-26) 
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followed by a lower zone of constant moisture content. It 
appears that the dryness of an applied mulch is an important 
factor in the operation of a mulch. But the type of mulch, 
as has been seen, is also a factor, 
Diffusivity and Capillary Conductivity 
It was seen in Figures 27 and 28 that the diffusivity 
and capillary conductivity data for the soil cores showed a 
marked deviation, at the higher moisture contents, from 
that expected on the basis of assumptions used in deriving 
and working with the unsaturated flow equation. The as­
sumptions have been that capillary conductivity k and the 
capillary potential # are single-valued functions of the 
moisture content. These assumptions, in turn, had seemed 
to imply (though there seems to be no proof) that the dif­
fusivity D is also a single-valued function of the moisture 
content. The diffusivity, it is remembered, is defined as 
the capillary conductivity k times the change in the capil­
lary potential with moisture content ^  . 
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Gardner (1956), in testing his solution of the dif­
fusion equation for the pressure plate apparatus, noted 
deviations, as we have, from theoretically predicted results 
at the wet end (low pressure) of the moisture range. He 
reasoned that the deviations were due to the difficulty 
encountered in meeting the assumed boundary conditions at 
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low pressure values. Consequently, Gardner discarded all 
data collected at pressures less than about 150 millibars. 
Miller and Elrick (1958) extended Gardner's work to 
correct for deviations obtained at low pressures by account­
ing for membrane impedance. They reasoned that the resis­
tance to flow offered by the pressure plate or membrane at 
the low pressure levels overshadowed the impedance to flow 
offered by the soil. Kunze (1961) has, in turn, extended 
the work of Miller and Elrick by increasing the sensitivity 
for plots of the initial outflow data over a particular 
increment of pressure. It is with Kunze's improved apparatus 
that we find the theoretically unexpected parabolic (double-
valued) diffusivity and capillary conductivity functions. 
If it is true that diffusivity and capillary conduc­
tivity are double-valued functions of the moisture content, 
as indicated by the data of Figures 27 and 28, then it must 
be that the current theory of unsaturated soil moisture 
flow is not valid and needs modification, Hallaire and 
Henin (1958) have stated that their experimental work on 
soil water movement in soil cores did not agree with present 
theory. 
Electrical Conductivity 
Figure 32 of the Results indicates that the calibration 
curves were not the same for cylinders of different wall 
thicknesses. This variation results from the deeper 
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penetration of the four-electrode probe into the soil with 
the thinner-walled (l/8-inch) cylinder. Since the soil was 
packed in the same manner in the cylinders of different wall 
thicknesses, one should not obtain the variation shown. The 
variation is an indication of the error involved in assuming 
b = 0 in equation 6. 
The electrical conductivity data were disappointing. 
The initial work done indicated that the four-electrode 
method should work, at least in the moisture ranges above 
about 10 percent (the FWP) for this soil. That it did not 
prove successful for a long-term experiment is quite apparent 
from the data listed in Appendix B, Tables 17 and Id. 
There are two possible explanations for failure of the 
probe to work over a long time. The first explanation is 
offered by Taylor (1950) when he shows that small changes 
in the electrode spacing of a probe will cause large errors. 
There were 112 probes used in this experiment and each was 
as carefully constructed as possible. However, the plastic 
bases were not as rigid as one would like and it is possible 
that the process of installing the probes caused errors in 
spacing over and above construction errors. The second, 
and probably the pertinent explanation is that the electronic 
equipment was faulty. Re-examination of the data for the 
probe in a homogeneous, liquid, conducting medium (tap water) -
showed large and unexplainable variations except as 
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attributable to erratic electronic equipment. The equipment 
had been overhauled, but was 11 years old. Future plans 
call for reconstruction of the meter with new component parts 
and with a built-in standard resistor calibration system to 
check the equipment for smoothness of behavior at any time. 
In all events, the four-electrode probe system, or any 
system designed to measure the moisture distribution, will 
have to be highly senstive over the full range of soil mois­
ture content. The necessity for great sensitivity is seen 
by the lack of moisture variation with depth found in the 
present study (see Figure 19 as an example). 
The data shown in Figures 29, 30 and 31 indicate that 
the resolution for the four-electrode probe was about plus 
or minus one-inch deptn in the soil. The moisture distri­
bution data With depth was not all lost since the cores 
were sectioned and the moisture distribution gravimetrically 
determined at the end of each run. 
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SUMMARY AND CONCLUSIONS 
An experiment was established using laboratory (lab) 
and (undisturbed) field cores of an Ida silt loam to study 
the effect of several factors on evaporation from, and 
moisture distribution in, soil cores. The factors were soil 
surface conditions, air movement and radiation. An evapo­
ration chamber was constructed in two sections so that two 
conditions of radiation could be imposed. In each side of 
the chamber eight soil cores, 15 inches long and 3 inches in 
diameter, were placed on a display table which could be 
rotated and were moisture treated. One-half of the cores 
on each side were laboratory cores and one-half were field 
cores. In one section of the chamber radiation was 
supplied — in one case at 200 foot-candles, and in 3 cases 
at 450 foot-candles. In the other section no radiation was 
supplied. 
The moisture treatment which was given to the samples 
consisted of a saturating from below followed by a draining 
to the atmosphere. Saturating and draining in this manner 
represents a field condition where drainage occurs from an 
initially saturated 15-inch surface layer of soil sitting on 
a gravel stratum. 
After the soil cores had been saturated and drained, a 
dust mulch two inches thick was added to one of each type 
of core (lab cores and field cores) on both sides of the 
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chamber. The same procedure was followed with a gravel and 
a corn-cob mulch. Some capillary movement of water into 
the mulches was allowed by the procedure, but the mulches 
were not wet to the surface. One core of each type was 
left bare as a no-mulch or check treatment. Once the 
mulches had been added, the cores were weighed, placed back 
on the rotating tables and the tables started. Radiation 
(200 or 450 foot-candles) was supplied on one side of the 
chamber. Air movement effects were no air movement or air 
movement of 7.5 feet per second supplied by a 16-inch fan 
as desired. A total of four runs were completed, two with 
no air movement and two with air movement. 
Evaporation data were collected by periodic weighing 
of the soil cores. The data thus collected were used to 
plot cumulative evaporation curves and rate of evaporation 
curves. The soil moisture distribution with depth was 
determined gravimetrically at the end of each run. In ad­
dition, measurements were made with a four-electrode probe 
to determine moisture content. 
While the evaporation runs were being conducted, 
capillary conductivity and diffusivity data were collected 
on separate soil samples by the pressure outflow method. 
The data on rate and amount of evaporation obtained 
in this study show that a two-inch gravel mulch on the soil 
reduced water loss by evaporation more than did a corn-cob 
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mulch of the same depth. The corn-cob mulch, in turn, re­
duced the water loss by evaporation more than did a dust 
mulch. The above can be seen in Figure 9, which shows that 
at the end of 642 hours, 27, 49 and 55 grams of water had 
been lost from the gravel-mulch core and the corn-cob-mulch 
core and the dust-mulch core respectively. Under conditions 
of radiation, similar cores had lost 43, 73 and #3 grams of 
water respectively. During the same run, the check cores 
lost 461.8 and 533*8 grams of water, 5 to 10 times the amount 
lost by the mulched cores. 
Over a longer period, 1533 hours, (Figure 13) it was 
found that non-radiated lab cores with a gravel, a corn-cob 
and a dust mulch lost 98, 166 and 187 grams of water respec­
tively. Under conditions of radiation, similar cores in 
the same run lost 138, 196 and 202 grams of water respec­
tively. Despite a greater initial rate of evaporation from 
an unmulched, radiated core, as compared to the initial 
rate of evaporation from an unmulched, non-radiated core, 
the unmulched, radiated core lost no more total water over 
a long time (1533 hours for example) than did the unmulched, 
non-radiated core. 
The rate of evaporation from the mulched cores was seen 
to be affected by both radiation and air movement (Table 1). 
As an example, the rate of evaporation for the gravel-
mulched cores increased by 0.0192 grams per hour due to 
137 
radiation alone and 0.0232 grains per hour due to air movement 
alone. The combined effect of radiation and air movement 
was 0.0425 grams per hour, which was nearly additive. 
For the unmulched cores, it was found that the effect 
of air movement and radiation was to double the initial rate 
of evaporation (Figures 15 and 16). The radiated soil core 
with air movement proved to have the greatest initial rate 
of evaporation; however, with time, the rate of evaporation 
from the radiated cores decreased to a value equal to or 
slightly less than the value for a non-radiated core. 
The data for the final moisture distribution in the 
mulched cores showed a constant moisture content with depth 
below the soil-mulch interface. The constant moisture dis­
tribution with depth was seen to remain intact and move by 
horizontal displacement with time (see Figure 19, 642 hours 
and Figure 17, 1750 hours). The unmulched soil also dis­
played a constant moisture content, with depth, below a 
surface dry zone and a transition zone (zone of moisture 
gradient). 
The diffusivity and capillary conductivity data (Figures 
27 and 28) were found to be double-valued functions of the 
soil moisture content in the wet range of soil moisture. 
The data from Figures 27 and 28 are contrary to present theory 
and indicate that future work should be directed to develop­
ing a new unsaturated flow equation based on a double-valued 
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function of diffusivity and capillary conductivity. 
The electrical conductivity data indicated that the 
four-electrode probe shows some promise for future develop­
ment, although the data obtained with it were not reliable 
here. The unreliable results obtained were probably due to 
faulty electronic equipment. 
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APPENDIX A 
A Mathematical Review of the Work of Gardner (1959) 
The following is a mathematical review of a paper by 
Gardner (1959). The primary object of the review is to fill 
in the missing and less obvious mathematical steps essential 
in arriving at his solutions, and to correct some typo­
graphical errors found in Gardner's paper. 
Correspondence with Dr. Gardner indicated that his 
paper had several typographical errors. He kindly supplied 
a list of the errors and with the aid of the list, cor­
rections were made. The following is a list of the corrected 
expressions: 
1) Page 17, second column, first line — 
D - D0 exp p(0 - 0O) should read D = D0 exp 
2) Page 17, second column, expression 10 should read, 
c/Q D(0)d9 JS K(s)ds 
U = - £o__ 
e/01 D(e)d0 q/Sl K(s)ds 
°o ûo 
3) Equation 13 should read, 
U - erf (—pbr) 
2/D't 
4) The expression for diffusivity in the line under 
145 
equation 13 should read, 
D = Dq exp (3(0 - 0o)/(0i - 0q) 
5) Equation 14 should read 
0 = % Inf(e^ - l)erf(—~r) + ll 
P L 2/D^t J 
6) Equation 16 should read 
1 iSL - . _1 (ft)M . 
D dt dz2 /Si dU dz 
So 
The equation we are concerned with here is given by 
which is the one dimensional, unsaturated flow equation for 
a homogeneous medium, neglecting gravity, in which 
6 • water content on bulk volume basis 
t = Time 
z - Distance 
D(0) = Diffuxivity = k diji/d0 
V = capillary water pressure 
k = capillary conductivity 
The initial and boundary conditions for the problem 
1 
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are 
6 * 6i, z > 0, t • 0 
2 
0 • 0O, z » 0, t > 0 
Equations 1 and 2 constitute a non-linear boundary 
value problem that cannot be solved by ordinary means. 
In developing a solution of equations 1 and 2, it is 
first essential to change equation 1 into an ordinary dif­
ferential equation. This can be done by use of the Boltzman 
Transformation, 
where DQ is the diffusivity at the boundary z * 0 for t > 0, 
The actual process of making the transformation can be 
accomplished by use of the chain rule of differential (Buck, 
1956, p. 190) as follows : 
The chain rule applied to equation 1 yields 
3 
4 
Similarly equation 3 yields 
«&I • ik • and ^ m » - — yt * 
bz 2/Do* At 4/D^t 2 5 
Substitution of equation 5 into equation 4 yields 
5 f*i *''] ' *[Dl8) # • 'sfej • ife* 6 
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which simplifies to 
oy oy uq oy 
In a similar manner we can apply equation 3 to 
equation 2, which yields for z 0, t « 0, 
7 
y • z/(2/D^t) 
and for z = 0, t > 0 
y = z/(2^t) = 0 9 
Therefore the new boundary and initial conditions are 
Under the conditions given above we find that when 
0Q < 8i, that is, when the moisture content at the boundary 
of a medium is less than the initial content of the medium, 
the water will leave the medium at a rate given by the flux 
Q at z = 0. Stated in symbols the flux at z » 0 is 
which says that the flux is equal to the diffusivity at the 
boundary times the gradient of the moisture at the boundary. 
We now define a new value 
6 = 0 i, y -> co 
0 = 0o, y = 0 
10 
Q = 
"o'ff'z-O, 11 
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c - isJa. 
01- 00 12 
so that 
- (Ôi - 90) 13 
dc 
If equation 11 is used in conjunction with equation 3, we 
get, after applying the chain rule to equation 11, the 
results 
Q = D
° f • S • D° -f • f • £ * 
and upon substituting equation 13 and equation 5 into 
equation 14, we find 
15 
8 " D° 'dy'y-o'01 " 0o»27B^ " 61 " 6o)(^'y=0 
For constant diffusivity equation 1 becomes 
= d dfe 16 
dt dz2 
Equation 16 can be changed by use of equation 12 to give 
Ac . & ilç 17 
dt dz2 
Also note that if equation 12 is applied to equation 2, the 
initial and boundary conditions become 
c = 1, z > 0, t = 0 
10 
c = 0, z = 0, t > 0 
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A further transformation given by 
/ 
o = 1 - c 19 
will yield, when applied to equations 17-18, the results 
del = P2c* 
dt dz2 
20 
and 
c' = 0, z > 0, t = 0 
21 
cf = 1, z = 0, t > 0 
Equations 20 and 21 constitute a boundary value pro­
blem that can be solved by Laplace Transforms which will be 
used here. The Laplace transform is defined as 
f(p) = /VP1 f(t)dt . 22 
To apply equation 22, we multiply both sides of 
equation 20 by e'P* and integrate from 0 to oo , to find 
fe'pt i£=l - 1 iE: dt - 0 23 
o dz Do dt 
Now if we handle each part of equation 21 separately and 
assume that the order of differentiation and integration can . 
be interchanged, than the left hand member of equation 21 
becomes 
/ e~Pt d2c' at = il- J*emPt d'dt = ifSl . 24 
o dz2 dz2 Q dz2 
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Now the right hand member yields on integration by 
parts ~ 
- £ / e'Pt jal at 
Do dt 
- Q + P / c'e-Ptj 
1 -, 25 
" D Pc 
Thus, by means of equations 24 and 25, equation 20 becomes 
D - pc' . 26 
dz 
In addition the application of the Laplace Transformation 
to the boundary condition given in equation 21 gives 
c' - 1/p • 27 
Now we have an ordinary differential equation in term 
of the Laplace Transformation. Equation 26 subject to the 
initial and boundary conditions 21 and 27 has a solution 
given by 
c* - erfc z. 28 2m 
where 
erfc - 1 - erf —2— . 29 
2/Dqt 2/D^t 
Recall now that c* * 1 - c so that 2d by means of 29 
becomes 
c = erf . • erf y 30 
2/0 
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which is the solution of equation 7 subject to equation 10 
for constant diffusivity. 
If equation 30 is differentiated with respect to y and 
evaluated at y = 0 we find 
& a 1 
dy tt 31 
Substitution of equation 31 into equation 15 will yield 
Q = (0i - 0O) Pr 32 
rrt 
Equation 32 represents the flux for constant diffusivity. 
For non-constant diffusivity equation 15 can be made equal 
to equation 32 if a weighted mean diffusivity ÏÏ defined by 
5 * I D»'|>y=o 33 
is used. 
Equation 33 when used in equation 15 gives 
e -  (01 -  e 0 , /3 ,  34 
and shows that if the water content at the soil surface is 
maintained at a constant value, the rate of water loss 
depends on the square root of time regardless of the way D 
depends on 0. 
If one wishes to treat D(0) as a variable, then solu­
tions of equation 7 can be obtained as follows: 
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Rewrite equation 7, after using equation 12 as 
(D &Ç) + 2% D ÉS = 0, 35 
dy dy D dy 
which now is subject to the conditions of equation 18. 
Now integrate equation 35 by using the integrating 
factor -J7 2x1 dy' 
0 D 
e , 36 
to give 
D~ = A exp( = / dyf ) . 
dy r o D 
37 
A second integration gives 
c = A / q exp(- f dyf)dyT. 38 
o o 
Now if we use equation 18 and set c of equation 38 
equal to one, we find 
eo y 
A ) - exp(- / dyf )dy' « 1, 39 
o D © D 
so that we have 
rl  2v! 
I 5 exP(" i D"dy')dy' 
40 
Therefore we finally have 
f7  ~ exp(- /y dyT)dyT 
C - 0 D 2 D 41 
J - exp(- /y dyf )dyf 
o D o D 
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Solutions of equation 41 were calculated by Gardner 
(1959) for exponential diffusivities given by 
D - D0 exp [p(0 - 6o)/(0i - 80)] 41a 
where p is chosen to make the right hand side of the equation 
fit experimental data for D. Plots of solutions of equation 
41 are shown in Figure 1 of Gardner's paper. 
The procedure followed in the calculations is given in 
Crank (1956) pages 151-152. 
The work to this point has excluded gravity. Gardner 
found that the effect of gravity could be handled by using 
the new variable 
/6 D(6)d6 /s k(s)ds 
®o so 
U - -s 42 
fl D(9)d6 k(s)ds 
Go s0 
where k is the capillary conductivity and s is the suction. 
The use of 42 transforms equation 1 and equation 2 into 
4B . i!s 
and 
I ^ 
D(U) dt dz2  
U - 1, Zj>0, t • 0 
44 
D-0, z * 0, t > 0 
If the diffusivity in 43 is treated as a constant, then 
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43 becomes similar to 16 so that the solution to equation 43 
subject to equation 44 is 
U = erf —===" 45 
2fD*t 
For exponential diffusivities of the form of equation 
41a; namely, 
D - D0 exp P(° " B.a) 46 
01- 00 
where P is a constant to be chosen to match the known or 
assumed form of D, we have by equating the right hand side 
of equation 45 to the middle portion of expression 42, the 
result 
J D0exp " 9q) 
0i 01- 6o 
= erf , 47 
f D0exp P(9 - 6n) 2 
01 0i~ Go 
which yields, after the integration has been performed, the 
expression 
exp p(.Q. " Qq) - 1 
01- 0O _ z 2 = erf 4& 
ep - 1 2/Wt 
Now if we multiply through by (e^ - 1) and take the 
natural log of both sides of equation 48, then equation 4& 
becomes 
c = ^ "* ^0 = — In [" (e^ -l)erf —p==r + lj 49 
01-00 p L 2Wt J 
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If one considers gravity in the unsaturated flow problem 
then equation 1 becomes 
£6 = i- (D(0) M) - A . 50 
dt dz dz dz 
The variable U given by equation 42 can now be applied 
to equation 49 to give 
1 iiL . àîïï - 1 dk . £U . 51 
D M* a.* j8i D(e)de so dz 
eo 
Gardner states here that for the suction range over 
which the gravitational term is important, the capillary 
conductivity can be related to the suction by 
k(s) = k0 e"ms, 52 
where k is the capillary conductivity, s is the suction, 
and m is a constant. Now we apply the chain rule to dk/dU 
to get 
& k =  d k  . d s  .  5 3  
dU ds dU 
We next evaluate dk/ds from equation 52 and ds/dU 
from equation 42 and substitute the results into equation 
53, to get 54 
JSi k(s)ds k0e ^ ds 
~ = i — mv— o—ms \ i ts — mlf bis q h i i 
-- (- mk0 e~ms) -*0 e koe-ms 
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Equation 54 can now be substituted into equation 51 
to give 
1 au . jO 1 k0e~msds SO) 55 
D Ô t  d z 2  f 1  d ( 8 ) d 6  %  d z  
0o 
Equation 55 can be simplified if one assumes that the 
two integrals shown are equal; which is probably true over 
the range in soil moisture in which the gravitational term 
is important. Under the above assumption, equation 55 
becomes 
56 
If we now define a new variable 
V - U exp (S* + lïfîlt-.) , 57 
from which dU/dt, dU/dz and d2U/dz2 can be determined, and 
define an average value D* for D; then it is possible to 
reduce equation 56 to 
S-»'S 
The variable V above can also be applied to the initial 
and boundary conditions given by equation 44 to give 
M 7 = e 2, z > 0, t = 0 
59 
V = 0, z = 0, t > 0 
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We now have a boundary value problem defined by 
equation 57 and equation 58 that is very similar to a pro­
blem given in Churchill (1941) page 122, The Churchill 
reference gives a method for solving equations 57 and 58 by 
means of the Fourier Integral. The solution so derived is 
found to be 
U - A f erfcPaJËt - z-j-e1»2 erfc(^H + —&_) 
2 I 2 2/0*1 2 27TFt J 
60 
For exponential diffusivities equation 60 yields, 
through a procedure similar to that used to develop equation 
48, the result 
c - l~ l9 - i In f(ep - 1)U + 1) 61 
01- 0O 0 L 
This concludes the review. Many steps are still 
missing. But it is felt that they constitute the more 
mechanical type of algebraic steps which would not be ap­
propriate here for reproduction. 
Table 5• Pressure outflow data from which capillary conductivity and 
diffusivity values were calculated. Apparatus shown in 
Figure 4 was used. Four outflow units were used for each 
pressure interval. The pressure increment used (AP) = 57 cm. 
of water. The final pressure (Pf) = 109.7 cm. of water. 
1 2 3 U 
Time Outflow Time Outflow Time Outflow Time Outflow 
(min.) cm3 (min.) cm (min.) cm3 (min.) cm3 
.42 .05 .27 .05 .70 .06 .35 .05 
.92 .10 1.08 .15 1.33 .11 1.00 .10 
2.03 .20 1.50 .20 1.95 .16 2.10 .20 
3.15 .30 2.35 .30 3.28 .26 3.28 .30 
4.25 .40 3.20 .40 4.55 .36 5.12 .45 
5-42 .50 4.97 .60 5.88 .46 6.92 .60 
29.22 2.38 6.80 .80 23.45 1.96 10.20 .85 
54.28 3.99 24.00 2.15 30.20 2.32 15.40 1.27 
60.00 4.30 54.00 4.36 48.OO 2.93 23.00 1.81 
132.00 7.53 120.00 7.86 99.20 6.39 95.00 5.71 
300.00 12.13 288.00 12.35 279.00 11.15 263.00 11.43 
583.00 16.48 571.00 16.37 562.00 15.70 546.00 17.20 
1354.00 22.28 1342.00 21.60 1333.00 22.03 1317.00 24.71 
2794.00 25.84 2782.00 25.05 2773.00 26.18 2757.00 28.32 
4378.00 27.19 4366.00 26.23 4357.00 28.22 4341.00 29.46 
6039.00 27.79 6027.00 26.69 6018.00 28.31 6002.00 29.45 
7251.00 28.19 7239.00 26.90 7230.00 28.91 7214.00 29.73 
Percent 
Moisture 
38.24 at Pf 37.96 39.22 37.99 
Table 6. Same as Table 5 except AP = 54 .2 cm. and Pf » 163.8 cm, , of water 
1 2 3 L 
Time Outflow Time Outflow Time Outflow Time Outflow 
(min.) cm3 (min.) cm3 (min.) cm3 (min.î cm 
.40 .05 .40 .05 .17 .02 .40 .05 
.37 .10 .83 .10 1.17 .12 .90 .10 
1.80 .20 1.75 .20 2.18 .22 1.90 .20 
2.77 .30 4.50 .50 3.20 .32 2.92 .30 
3.92 .42 5.90 .65 4.25 .42 5.00 .50 
4.73 .50 7.77 .85 18.30 1.90 8.35 .82 
25.67 2.50 18.78 2.10 24.30 2.40 16.28 1.61 
85.OO 6.61 77.00 6.51 74.00 5.03 65.00 5.33 
201.00 11.71 193.00 11.74 190.00 11.65 181.00 10.91 
389.00 15.38 381.00 15.16 378.00 15.93 369.00 14.99 
1241.00 18.31 1233.00 17.43 1230.00 19.23 1221.00 17.86 
I48I.OO 18.53 1473.00 17.60 1470.00 19.55 1461.00 18.04 
1818.00 18.69 1810.00 17.65 1807.00 19.76 1798.00 18.19 
2656.00 18.89 2648.00 17.79 2645.00 20.05 2636.00 18.36 
5611.00 19.17 5603.00 18.08 5600.00 20.01 5591.00 18.61 
Percent 
Moisture 
at Pf 32.50 34.04 32.53 32.83 
Table 7. Same as Table 5 except AP = 129.9 cm. of water and P_ = 289.8 cm 
of water. 1 
1 2 3 A 
ïime Outflow Time Outflow Time Outflow Time Outflow (min.) cm3 (min. ) cm3 (min.) cm3 (min.) cm3 
.17 .05 .13 .05 .17 .05 .28 .08 
.37 .10 .37 .12 .37 .10 .72 .18 
.80 .20 .70 .20 .77 .20 1.17 .28 
1.25 .30 1.13 .30 1.22 .30 2.09 .48 
1.67 .40 1.90 .50 1.67 .40 3.00 .68 
2.17 .50 2.70 .70 2.10 .50 3.97 .88 
20.07 3.96 3.30 .85 9.00 2.12 12.13 2.46 
37.92 6.59 32.27 6.40 28.05 5.30 18.88 3.68 
58.00 8.87 51.00 8.86 46.00 7.69 72.00 10.51 
176.00 16.71 169.00 17.23 169.00 16.39 154.00 15.79 
463.00 21.43 456.00 21.50 451.00 21.87 441.00 21.01 
594.00 22.36 587.00 22.40 582.00 22.99 572.00 21.94 
1303.00 23.42 1296.00 23.42 1291.00 24.73 1281.00 22.71 
3238.00 23.93 3231.00 23.81 3226.00 25.56 3216.00 23.14 
3958.00 24.06 3951.00 23.89 3946.00 25.66 3936.00 23.25 
8598.00 25.05 8591.00 24.00 8586.OO 25.77 8576.00 23.65 
Percent 
Moisture 
at Pf 25.37 27.15 25.50 25.95 
Table 8. Same as Table 5 except AP = 56.9 cm. of water and Pf. = 346.6 cm 
of water. 
1 2 3 Zt, 
Time 1 Outflow Time Outflow Time Outflow l'ime Outflow (min.) cm3 (min.) cm3 (min.) cm3 (min.) cm3 
• 50 .05 .42 .05 .65 .05 .53 .05 
1.28 .10 1.05 .10 2.00 .12 2.32 .15 
3.42 .20 2.50 .20 3.90 .20 5.70 .30 
5.80 .30 6.10 .40 6.73 .30 12.73 .50 
8.50 .40 10.73 .60 10.30 .40 20.10 .72 
11.58 .50 18.50 .87 14.00 .50 28.30 .90 
34.95 1.00 32.68 1.38 28.33 .86 42.95 1.20 
111.00 2.02 107.00 2.44 101.00 1.77 92.00 1.90 
420.00 3.77 416.00 4.03 410.00 3.47 401.00 3.74 
1310.00 4.82 1306.00 5.06 1300.00 4.82 1291.00 4.72 
1652.00 4.90 1648.00 5.10 1642.00 5.00 1633.00 4.82 
2766.00 4.96 2762.00 5.18 2756.00 5.26 2747.00 5.43 
4742.00 5.18 4738.00 5.26 4732.00 5.51 4723.00 5.46 
6897.00 6.61 6893.00 5.45 6887.00 5.86 6878.00 5.95 
8402.00 7.09 8398.00 5.79 8392.00 5.89 8383.OO 6.13 
Percent 
Moisture 
24.16 at Pf 23.35 25.49 23.90 
Table 9. Same as Table 5 except AP = IO7.O cm. of water and Pf = 453*6 cm. 
of water. 
1 2 3 L 
Time 1 Outflow Time Outflow Time Outflow Time Outflow (min.) cm3 (min. ) cm3 (min.) cm3 (min.V cm3 
.37 .05 .27 .05 .42 .05 .40 .05 
1.00 .10 .52 .10 1.57 .10 1.05 .10 
2.70 .20 1.35 .20 4.33 .20 2.83 .20 
4.92 .30 3.50 .40 8.70 .30 8.15 .41 
7.67 .40 6.50 .60 13.32 .40 15.05 .61 
II.50 .52 10.50 .80 18.80 .50 23.50 .80 
44.55 1.21 39.00 1.71 34.17 .78 33.20 .97 
138.00 2.19 13I.OO 2.82 125.00 1.60 118.00 2.02 
290.00 3.27 283.00 3.69 277.00 2.50 270.00 3.03 
377.00 3.61 370.00 4.32 364.00 2.92 357.00 3.56 
562.00 4.37 555.00 5.14 549.00 3.59 542.00 4.29 
I384.OO 5.73 1377.00 6.59 1371.00 5.23 1364.00 5.83 
2824.OO 6.75 2817.00 7.19 2811.00 6.15 2804.00 6.46 
4444.00 7.23 4437.00 7.47 4431.00 6.82 4424.00 6.91 
5824.OO 7.55 5817.00 7.55 5811.00 8.00 5804.00 7.13 
7O84.OO 7.74 7077.00 7.58 8511.00 8.81 85O4.OO 7.19 
Percent 
Moisture 
at Pf 21.14 23.31 21.49 22.07 
Table 10. Same as Table 5 except AP = 136.8 cm. of water and P^ = 590.3 cm 
of water. 
1 2 3 6. 
Time 
1
 
1
 Time Outflow Time Outflow Time 1 outflow (min.) cm3 (min.) cm3 (min.) cm3 (min.) cm3 
3.50 .05 .25 .05 2.00 .05 1.25 .05 
21.35 .12 .58 .10 10.10 .10 3.80 .11 
29.00 .15 1.80 .20 15.40 .15 9-25 .20 
41.60 .20 3.60 .30 28.10 .24 17.70 .31 
50.30 .23 6.20 .40 38.30 .30 29.50 .43 
53.50 .24 14.67 .61 41.80 .32 33.9U .47 
387.00 1.11 381.00 2.51 376.00 1.43 369.00 1.96 
1456.00 2.54 1450., 00 4.10 1445.00 3.02 1438.00 
2344.00 
3.64 
2862.00 3.78 2856.00 4.97 2851.00 4.31 4.63 
4387.00 4.61 4381.00 5.83 4376.00 5.37 4369.00 5.14 
11342.00 8.84 11336.00 6.10 11331.00 7.30 11324.00 5.77 
Percent 
Moisture 
at Pf 18.63 21.56 19.50 20.40 
Table 11. Same as Table 5 except AP = 220.0 cm. of water and P„ = 810.4 cm. 
of water. 1 
1 2 3 L 
Time Outflow Time Outflow Time Outflow Time Outflow 
(min.) cm3 (min.) cm3 (min.) cm3 (min.) cm3 
4.80 .050 .17 .050 1.20 .03 1.20 .050 
12.30 .070 .50 .100 3.42 .05 5.17 .100 
21.50 .100 1.92 .200 8.50 .08 19.00 .210 
27.70 .120 4.63 .300 12.75 .10 34.25 .295 
40.60 .150 9.92 .410 28.75 .17 53.00 .390 
52.40 .175 16.40 .500 39.00 .226 129.00 .665 
73.00 .216 45.70 .743 59.00 .278 212.00 .902 
149.00 .371 141.00 1.170 135.00 .490 398.00 1.270 
232.00 .521 224.00 1.420 218.00 .846 — — —  
418.00 .870 410.00 1.870 404.00 1.070 — —  — 
10313.00 6.820 10305.00 6.44-0 10299.00 6.69 10243.00 9.16 
Percent 
Moisture 
17.68 at Pf 16.69 19.71 17.33 
Table 12. Same as Table 5 except AP = 213.3 cm. of water and Pf = 1023.6 
cm. of water. 
1 2 3 L 
Time Outflow Time Outflow Time Outflow Time Outflow 
(min.) cm. (min.) cm3 (min.) cm3 (min.) cm 
3.03 0.015 .57 .050 8.70 .011 1.92 .040 
8 «4 6 .020 2.17 .090 17.25 .031 9.29 .070 
18.31 .030 4.02 .120 30,17 .050 20.75 .100 
23.70 .035 7.11 .150 77.85 .131 72.40 .225 
38.83 .050 14.84 .190 — — — — —  
87.10 .113 20.88 .230 — — — 479.00 .765 
477.80 .544 478.15 .946 478.45 .586 647.00 .930 
1231.00 1.20 1227.00 2.410 1221.00 1.130 1212.00 1.950 
5681.00 5.08 5677.00 3.440 5671.00 3.850 5665.00 4.680 
8602.00 6.73 8598.00 5.530 8592.00 4.730 8586.OO 5.300 
11536.00 8.60 11532.00 7.670 11526.00 6.330 11520.00 6.980 
Percent 
Moisture 
at Pf 14.23 17.51 15.82 15.70 
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Table 13. Same as Table 5 except data collected from 
pressure membrane apparatus and AP = 1 
Atmosphere and Pf = 2 Atmosphere. 
tfime Outflow Time Outflow 
(hours) (cm3) (hours) (cm3) 
.12 0.65 
.37 1.20 
.58 2.20 
1.20 4.15 
2.03 5.60 
3.08 7.30 
6.52 12.35 
8.17 13.80 
18.87 22.50 
22.00 26.55 
33.95 29.60 
42.83 34.00 
50.92 36.70 
67.52 41.94 
74.95 43.50 
93.92 47.92 
126.83 54.50 
139.92 56.90 
162.42 59.08 
191.67 62.30 
211.58 64.05 
240.00 66.20 
261.00 67.73 
296.53 69.95 
309.92 70.30 
331.&3 71.35 
.10 1.45 
.28 1.80 
.50 2.60 
1.12 4.45 
1.95 6.40 
3.00 8.60 
6.43 14.13 
8.08 16.35 
18.78 26.40 
26.92 32.00 
33.87 35.65 
42.75 40.35 
50.83 43.45 
67.43 49.69 
74.88 51.55 
93.83 55.75 
126.75 63.45 
139.83 65.85 
162.33 68.61 
191.58 71.80 
211.50 73.59 
239.92 75.87 
260.92 77.56 
296.45 79.45 
309.83 8o.64 
331.75 81.43 
Percent 
Moisture 
at Pf 14.56 14.48 
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Table 14. Same as Table 5 except data collected from 
pressure membrane apparatus and AP » 1 
Atmosphere and Pf = 3 Atmospheres. 
1 2 
Time Outflow Time Outflow 
(hours) (cm3) (hours) ( cm3 ) 
.35 .87 .15 .50 
1.03 1.48 .80 1.29 
2.52 2.20 2.27 1.70 
5.62 3.55 5.37 3.00 
23.33 6.89 23.08 7.63 
34.67 8.50 34.42 9.50 
48.30 11.00 48.55 11.42 
72.60 14.06 72.35 14.39 
97.03 16.30 96.73 17.55 
130.03 19.16 129.78 20.50 
146.45 20.50 146.20 22.20 
168.22 21.25 167.97 23.55 
192.67 23.20 192.42 25.00 
220.68 24.45 220.43 26.50 
240.97 25.10 240.72 27.75 
264.03 26.30 263.83 29.05 
297.33 27.73 297.53 29.50 
322.00 27.75 321.75 30.33 
361.00 29.30 360.75 32.37 
383.80 30.93 333 . 55 32.85 
411.17 30.95 410.92 33.45 
Percent 
Moisture 
at Pf 13.33 13.15 
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Table 15. Same as Table 5 except date collected from 
pressure outflow apparatus and AP « 2 
Atmospheres and Pf = 5 Atmospheres. 
Time Outflow Time Outflow 
(hours) (cm3) (hours) (cm3) 
.82 1.29 .73 .30 
2.23 1.75 2.14 I.40 
45.38 7.50 45.29 7.85 
73.83 9.68 73.74 10.45 
119.83 13.39 119.74 13.99 
144.93 14.55 144.84 14.88 
234.65 19.00 234.56 19.60 
283.67 20.60 283.58 21.35 
311.72 21.70 311.63 22.50 
357.43 23.40 357.34 24.30 
392.67 23.40 392.68 25.60 
Percent 
Moisture 
at Pf 12.47 12.17 
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Table 16. Same as Table 5 except outflow data collected 
from pressure membrane apparatus. Also AP 
for unit one = 4 Atmosphereswith Pf * 9 
Atmospheres and AP for unit two = o Atmospheres 
with Pf « 15 Atmospheres. 
Time 
(hours) 
Outflow 
(cm3) 
Time 
(hours) 
Outflow 
(cm*) 
.14 .20 .10 .15 
.35 .50 .23 .28 
.35 1.00 .37 .38 
1.45 1.20 .63 .68 
6.58 2.10 1.15 .79 
7.54 2.30 5.00 1.40 
13.20 3.22 7.68 1.63 
21.72 3.44 19.80 2.30 
25.97 3.85 23.80 , 2.50 
31.30 4.20 26.32 2.65 
45.10 5.00 31.60 2.80 
49.95 5.20 41.18 3.22 
65.30 5.85 55.67 3.32 
102.53 7.30 74.78 4.49 
127,32 8.30 91.63 5.10 
173.59 9.40 149.90 7.10 
197.36 10.35 189.10 8.20 
237.63 11.05 259.83 9.20 
272.50 11.50 310.50 9.70 
- -
233.95 11.60 329.28 9.80 
Percent 
Moisture 
at Pf 10.63 9.49 
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Table 17. Electrical conductivity for lab cores with no 
radiation during second run with air movement. 
Values given in millimhos <r x 103. 
Time 
from 
start Soil Dust Gravel Corn-cob No 
of run depth Mulch Mulch Mulch Mulch 
(davs) (inches) Column Column Column Column 
1 0-2 1.548 2.021 1.150 0.766 
2-4 0.852 1.392 1.392 1.090 
4-6 1.506 1.642 1.666 1.253 
6-8 1.682 1.768 1.160 1.467 
8-10 1.474 1.718 1.333 1.364 
10-12 1.253 1.580 1.492 1.279 
12-14 1.424 1.785 1.696 1.928 
3 0-2 1.774 1.599 1.253 0.660 
2-4 0.987 1.364 1.474 0.814 
4-6 1.440 1.577 1.793 0.934 
6-8 1.305 1.590 1.253 0.966 
8-10 1.934 0.234 1.292 1.182 
10-12 1.333 1.148 1.834 1.090 
12-14 1.305 1.975 1.202 1.279 
7 0-2 1.510 1.726 1.408 0.390 
2-4 1.109 1.364 1.319 0.643 
4-6 1.398 1.457 1.408- 0.612 
6-8 1.319 1.714 1.319 0.612 
8-10 1.408 1.733 0.942 O.684 
10-12 1.333 1.305 1.728 0.653 
12-14 1.333 1.292 1.386 0.629 
10 0-2 1.253 1.830 1.637 0.349 
2-4 1.253 1.424 1.392 0.685 
4-5 1.253 1.474 1.510 0.664 
6-8 1.348 2.628 1.279 0.630 
8-10 1.139 1.790 0.935 0.712 
10-12 1.333 1.305 2.124 0.681 
12-14 1.547 1.377 I.404 0.614 
17 0-2 0.928 1.628 1.253 0.039 
2-4 1.129 1.492 1.377 0.639 
4-6 1.253 5.013 1.080 O.876 
6-8 1.440 1.253 0.742 
8-10 1.253 4.253 0.394 0.806 
10-12 1.628 1.194 1.253 0.768 
12-14 1,694 1.182 4.476 0.743 
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Table 17. (continued) 
Time 
from 
start Soil Dust Gravel Corn-cob NO 
of run depth Mulch Mulch Mulch Mulch 
(days) (inches) Column Column Column Column 
31 0-2 0.350 1.003 0.942 0.011 
2-4 1.071 1.440 1.958 0.501 
4-6 1.348 1.649 1.717 0.664 
6-8 1.586 1.424 1.253 0.630 
8-10 1.376 0.908 0.987 0.712 
10-12 1.253 2.724 1.253 0.681 
12-14 - - - 1.392 0.614 
3d 0-2 0.380 0.814 0.859 0.089 
2-4 1.253 1.717 1.510 0.639 
4-o 1.253 1.830 1.547 0.876 
6-8 1.362 1.253 1.129 0.742 
8-10 0.995 1.253 1.229 0.806 
10-12 1.090 1.150 1.279 0.720 
12-14 1.701 1.392 0.784 
48 0-2 0.176 0.570 0.674 0.033 
2-4 1.253 1.253 1.253 0.133 
4-6 1.253 0.211 1.333 0.660 
6-8 1.492 1.253 0.969 0.704 
8-10 0,644 1.253 1.119 0.522 
10-12 1.071 1.011 1.099 0.700 
12-14 — —  1.253 --- 0.729 
63 0-2 0.125 0.562 0.704 1.253 
2-4 1.253 1.348 1.253 0.028 
4-6 1.253 0.501 0.995 0.603 
6-8 1.253 1.253 1.003 0.754 
8-10 0.895 1.253 0.942 0.464 
10-12 0.936 1.253 0.942 O.588 
12-14 0.936 0.764 0.610 
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Table 18. Same as Table 17 except for 450 foot-candles 
of radiation. 
Time 
from 
start Soil Dust Gravel Corn-cob No 
of run depth Mulch Mulch Mulch Mulch 
(days) (inches) Column Column Column Column 
1 0-2 0.995 1.720 1.474 0.864 
2-4 1.044 2.353 1.586 0.835 
4-6 1.462 1.404 1.810 1.090 
' 6-8 1.571 1.242 1.209 1.392 
8-10 1.994 1.616 1.544 1.377 
10-12 1.590 1.630 1.638 1.547 
12-14 1.630 1.235 1.678 1.333 
3 0-2 1.053 2.021 1.688 0.557 
2-4 1.253 1.800 1.158 0.626 
4-6 1.532 1.951 2.406 0.655 
6-8 1.814 1.144 1.330 0.755 
8-10 1.714 1.451 1.686 0.802 
10-12 1.760 1.782 2.082 O.885 
12-14 1.424 1.253 1.484 0.957 
7 0-2 0.971 2.054 1.765 0.404 
2-4 1.171 1.828 5.222 0.597 
4-6 1.744 1.266 1.557 0.704 
6-8 0.851 1.253 1.567 0.661 
8-10 1.171 1.348 1.528 0.668 
10-12 2.418 1.980 1.800 0.658 
12-14 1.109 1.129 1.319 0.670 
10 0-2 1.234 1.717 1.870 0.348 
2-4 1.139 1.647 1.150 0.411 
4-6 1.474 1.109 1.253 0.603 
6-8 0.778 1.019 0.870 0.656 
8-10 1.236 1.253 1.732 0.680 
10-12 3.214 2.126 2.177 0.636 
12-14 0.942 1.139 1.570 0.611 
17 0-2 0.971 1.020 1.182 0.011 
2-4 1.044 0.995 1.253 0.570 
4-6 1.171 1.044 0.630 
6-8 0.971 0.758 0.575 0.710 
8-10 1.038 0.199 1.528 0.708 
10-12 3.320 1.870 0.704 
12-14 0.793 0.583 -— 0.600 
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Table 18. (continued) 
Time 
from 
start 
of run 
Soil Dust Gravel Corn-cob No 
depth Mulch Mulch Mulch Mulch 
(inches) Column Column Column Column 
0-2 0.964 0.293 0.858 0.014 
2-4 1.044 1.253 1.253 0.434 
4-6 1.816 1.036 0.971 0.685 
6-8 1.129 1.253 0.575 0.718 
8-10 1.253 1.253 0.272 0.692 
10-12 1.567 — 1.694 0.734 
12-14 0.126 1.160 1.300 0.712 
0-2 0.532 0.202 0.567 0.027 
2-4 1.003 1.253 0.853 0.332 
4-6 1.928 1.150 1.027 0.770 
6-8 0.995 1.182 0.588 O.684 
8-10 0.995 1.194 0.501 0.772 
10-12 1.011 ——•» O.588 0.723 
12-14 0.072 1.424 -— 0.426 
0-2 0.201 0.167 O.4O4 0.068 
2-4 0.876 1.253 0.643 0.118 
4-6 0.928 1.205 0.928 0.611 
6-8 0.895 1.129 0.660 0.624 
8-10 0.902 1.150 0.649 0.780 
10-12 1.119 1.046 0.819 
12-14 0.025 1.890 - - - 0.690 
0-2 0.136 0.178 0.400 O.O84 
2-4 O.884 1.253 0.386 0.143 
4-6 1.053 1.253 1.044 0.501 
6-8 1.150 O.84I 0.792 0.575 
8-10 0.597 1.090 0.979 0.682 
10-12 0.392 0.964 0.656 
12-14 0.015 1.424 —— — 0.669 
31 
38 
48 
63 
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Table 19. Average bulk density (grams cm"3) of lab cores 
and field cores used in the evaporation study. 
Mulch a Field. 
Treat- Lab Cores Cores 
ment No Air Movement Air Movement 
12 12 
Dust No Radiation 1.24 
Radiation 1.25 
1.16 
1.15 
1.18 
1.15 i:3 
1.22 
1.23 
Gravel No Radiation 1.25 
Radiat'ion 1.21 
1.16 
1.16 
1.21 
1.21 
1.19 
1.19 
1.14 
1.23 
Corn-Oob No Radiation 1.27 
Radiation 1.24 
1.17 
1.13 
1.23 
1.22 
1.12 
1.21 
No Mulch No Radiation 1.30 
(check) Radiation 1.28 
1.16 
1.16 
1.21 
1.23 
1.20 
1.20 
1.21 
1.13 
a Average bulk density for lab cores was 1.20. 
b Average bulk density for the field cores was 1.18. 
